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1. Introduction 

Pyrolysis of coal is understood to be its thermal decomposition 
at temperatures beyond 300 OC,  whereby gas, tar and char are formed. 
It is the basic process of coking and the starting reaction of 
combustion, gasification and hydrogenation. In addition the ap- 
plication of pyrolysis offers the possibility to convert coal 
into gases and liquids in a "third way" besides gasification and 
hydrogenation. Thereby the yield of volatile matter can be sub- 

ro 1 ys i s " . 
For all these reasons coal pyrolysis has been and is being studied 
worldwide by many scientists. Recent reviews are owed to Howard /1/ 
and Gavalas / 2 / .  For some 20 years scientists at Bergbau-Forschung 
have been carrying out systematic studies on the kinetics and 
mechanism of pyrolysis /3-8/. In continuation of this work, during 
the last few years, in the frame of the I E A  pyrolysis project 
the influence of ambient gas atmosphere and pressure on course 
and products of coal pyrolysis have been investigated extensivelly 
/9-11/. Within this scope special interest was laid also on the 
formation kinetics of the single compounds of the BTX aromatics 
during pyrolysis and hydropyrolysis /12/. This contribution reviews 
in brief our main results on course, products, kinetics and mecha- 
nism of pyrolysis reactions on coal. Moreover it deals with a 
first attempt to establish a link between these findings and the 
most recent results on the chemical constitution of coal /13/. 

2. Experimental Techniques and Basic Results 

To cover a wide range of heating rates by the laboratory work 
different types of equipment have been used / 9 / .  The results pre- 
sented in this paper are mainly measured in a thermobalance, in 
which approximately 1 g of a coal sample can be heated up with 
some "C/min in a gas stream at pressures up to 100 bar in a tempe- 
rature range between 20 and 1.000 "C. The progress of the reaction 
is measured by the weight loss and by the continuous analysis 
of the gaseous reaction products. Some additional results are 
presented at high heating rates, which have been achieved using 
the grid heater technique, whereby about 10 mg of finely ground 
coal are pyrolysed on a electrically heated wire mesh net. Most 
of the experimental results presented in this paper are measured 
taking coals from the Ruhr area. Here they are characterized in 
short by their volatile matter content ( V . M . ) .  The complete data 
can be found elsewhere /8,9,10/. 

stantially increased by hydrogen at high pressures - "hydropy- \. , 
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A characteristic result using the thermobalance is given in fig. 1, 
showing the formation rates of the main products. The mass loss 
depicts the overall reaction and thereby the formation of the 
char and occurs in two steps. The volatile matter - tar and gaseous 
products - are liberated in one or a few single reactions for 
each component. Fig. 2 shows the gas formation for a wide rank 
Of German coal. In all cases - with the exception of C02 and the 
hydrogen (not given in the figure) - the curves show a systematic 
degradation by coalification of those groups, which have a weaker 
bonding and are therefore liberated at lower temperature during 
pyrolysis. 

Course of product formation and yields are controlled by chemical 
reaction on the one hand and transport phenomena inside the particle 
on the other. The latter gains in influence, if particle diameter, 
heating rate and pressure increase. An example for quantitative 
measurements and relevant calculations is given in fig. 3. A s  
a function of particle diameter and heating rate a curve has been 
established separating areas where - depending on diameter and 
heating rate - transport phenomena or chemical reacgion controls 
the overall process. With higher pressure it is shifted to lower 
values for diameter and heating rate. The region, in which the 
chemical reaction is rate determining, meets to a high degree 
the conditions in technical reactors regarding pressure, particle 
size and rate of heating. Thus kinetics themselves are not influenced 
by transport processes, however by the different residence times 
of the product inside the particle secondary reactions may control 
yields. This is especially true for the liquid volatile matter 
as can be seen by the formation of the tar and - as an example 
of the BTX aromatics - the benzene (fig. 5 ) ,  whereby pressure 
favours obviously the cracking of the liquids. This is true for 
the whole rank /lo/. Fig. 7 gives quantitative data for two rates 
of heating. However, by comparison of low and high heating rate 
the latter exhibits a higher yield of liquids as the residence 
time of the products inside the particle is considerably smaller. 

The effect of hydrogen exists mainly in an increase of the formation 
of liquid products, which are now formed in a two reactions (fig. 6 ) .  
The peak between 350 and about 480 OC is slightly affected mainly 
by the influence of the pressure as discussed before and can be 
ascribed to pyrolysis. However with rising pressures the second 
reaction becomes more and more important. The enhancing influence 
of hydrogen pressure on the yield of tar as well as on BTX aromatics 
is demonstrated in fig. 9 for three different high volatile coals. 
It is remarkable that up to 40 % of the coal can be converted 
into liquids ultimately at 100 bar under low heating rates. The 
BTX aromatics have a share of about 10 % of the total tar. Fig. 10 
summarizes results of the characterization of tar samples, taken 
at different temperatures during hydropyrolysis. It shows that 
the concentration of the aromatics in the tar increases with rising 
temperature and that the BTX aromatics are mainly formed at the 
end of the tar formation. The second reaction of tar formation 
mainly can be ascribed to hydrogenation and the formation of the 
BTX to hydrocracking. 

3 .  Kinetics and Mechanism 

A derivation of mathematical equations to describe product formation 
curves for Coal pyrolysis is given in fig. 9, left side. They 
have been achieved under the asumption that the rate of the for- 
mation of a particular product i s  dependent on the concentration 
of functional groups in the coal, the degradation of which results 
in this product / 3 / .  With these equations the measured curves 
can be described excellently as the examples on the right hand 
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side of fig. 
to 3 reactions participate. The values for the kinetic parameters 
found for these four examples depending on pressure are listed 
in table 1. In a similar way also the formation of other gases 
like H20, C02, N2, and of tar and BTX aromatics during hydropy- 
rolysis have been formally described and the relevant kinetic 
parameters have been published /12/. 

The peak for tar formation can be described best by a first order 
reaction. Aliphates with more than two C-atoms show a curve of 
a simpie struct-re, which ha been described under the assumption 
of a reaction order of n=l and a distribution of E and k / 6 , 8 / .  
The support for this assumption is that the rupture of bgndings 
is rate determining and the bonding energies are distributed because 
of the interactions with different neighbour groups. However, 
as shown in fig. 9, also n=2 together with distinct values for 
E and k formally give an excellent description of the reaction 
peaks. ?t can be interpreted by interactions of the radicals formed 
in the primary step. Moreover it has formal advantages in a sub- 
sequent mathematical treatment e.g., when modelling reactors. 
In the same way also the curves for methane can be described under 
the assumption of several reactions either each with distributed 
E and k -values or under the assumption of n=2 with distinct E 
and ko.O 

The ideas about the mechanism of the product formation as men- 
tioned before are schematically given in fig. 10. The most relevant 
steps are thermal activation, breaking of chemical bonds and for- 
mation of stable molecules by reactions of the radicals. The total 
process can be described by a first order law, when the slow step 
(11) is rate determining. A second order law makes sense, when 
the step IIIc controls the overall reaction. On the whole it can 
be stated that the kinetic equations and the conditions concerning 
E and k are based on assumptions, which are most compatible with 
possiblg reaction models. It follows that an extrapolation of 
the results, achieved with the relevant mathematical methods can 
be performed with a high degree of confidence. It should be men- 
tioned that the release of H2, being extremely wide spread over 
the temperature range, can only be interpreted by an overlap of 
many first order reactions resulting in a broad distribution of 
E and k due to the fact the C-H-bonding energies in the coal 
moleculg are also extremely widely distributed. 

4. Chemical Constitution of Coal and Kinetics of Pyrolysis 

Fig. 11 gives the model molecule for a high volatile bituminous 
coal (83 % C) /l4/. The most recent analytic diagnoses for deter- 
mining both the functional CH- and CH -groups by NMR spectrometry 
as we1 1 as the functional oxygen-contsining groups, entered the 
model. It also reflects the chemical reactions having been observed 
with coal. From general knowledge on bonding energies in organic 
molecules it can be derived, that the C-C-bonding energies at 
the bridges between ring systems are much weaker than those of 
other C-C-bonds, particularly in the aromatic structures. Thus 
it may be expected, that cracking of the coal molecule between 
the different ring systems will be a first step of coal degradation 
during pyrolysis being possible already at moderate temperature 
of about 400 OC. 

Following conclusions may, therefore, be drawn when looking at 
the coal constitution and the kinetics of pyrolysis: the begin 
of tar formation at 3 5 0  "C can be assumed by the destillation 
and diffusion of smaller organic molecules (molecular weight below 
150 - 200) having been trapped in the quite narrow pore structure 
of the coal. Parallel thermal degradation of the coal molecule 
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takes Place at temperatures at about 400 "c according to the primary 
reaction steps as given schematically in fig. 10. The reactions 
commence at 400 OC by cracking of the bridge-carbons which have 
the lowest bonding energies and as a consequence by dissociating 
of the aromatic ring units whereby radicals are formed. Due to 
fast recombining reactions among the smaller radicals and their 
reactions with hydrogen, formation of small aliphatic gas molecules, 
like CH4 and H 2 0  takes place. Also bigger ring fragments become 
hydrogen-saturated and distillate as tar with medium molecular 
weight. This explains the simultaneous occurence of tar C H 4 ,  C2-, 
Cj-hydrocarbons, and water above 400 OC. Also formation of coke 
will commence via condensation of the ring systems, under elimi- 
nation of hydrogen which appears for the first time in gaseous 
form above 420 "C. At high temperatures there will finally be 
produced also Co by cracking of heterocyclic oxygen groups. 

The above mechanisms are backed up by the carbon-, hydrogen-, 
and oxygen-balances both for the pyrolysis products as well as 
for the functional groups of the coal molecule /13/. The same 
mechanism basically applies also to high pressures and heating 
rates. The effect of high pressure consists, inter alia, in a 
shifting of tar formation towards higher temperatures due to a 
shifting in the boiling range so that at the expense of the tar 
yield the parallel coke-generating condensation will be intensified. 
The elementary hydrogen liberated under high pressures will beyond 
700 OC lead to an increased methane yield due to a partially hydro- 
gasification of carbon. High heating rates will result in a faster 
disengagement of the tar and thus reduce the proportion of conden- 
sating reactions. 

If hydrogen is present the reaction mechanisms of coal pyrolysis 
change substantially, under additional formation of tar, aromatic 
compounds (fig. 6 ,  7,  8 )  and CH4 at the expense of coke. This 
may be explained by the fact that beyond 500 OC, concurrently 
to the cracking, recombining and condensation reactions as ex- 
plained, there occurs partial hydrogenation of aromatic systems 
which are then subject to hydrocracking. This reaction helps to 
increase volatile matter and reduces coke formation. The mechanism 
of such hydrocracking depends o n  whether interior or exterior 
aromatic rings have been hydrogenated. In the first case formation 
of diphenyl (under separation of methane) may occur. In the second 
case polynuclear aromates with aliphatic lateral chains will in 
a first place be formed which are decomposed partially under elimi- 
nation of methane. This may be plausible explanation for the in- 
creased formation of tars, BTX aromates and methane. The additional 
water formation observed can be explained by hydrocracking of 
ether groups. 

Conclusion 

To sum up: Kinetic data have been evaluated to describe the for- 
mation rates of the most important products of coal pyrolysis. 
Also the yields depending on pressure and heating rates are well- 
known. Both kinetic parameters and yields have been measured co- 
vering the whole rank of hard coal. Moreover the most important 
liquid products evolved during hydropyrolysis can be described 
in the same manner. These data are now available and utilized 
for the modelling of pyrolysis reactors and those processes, in 
which pyrolysis plays an important role, like combustion, hydro- 
genation and fixed bed gasification. In addition the recent findings 
o n  the molecular structure of coal have lead to a detailed under- 
standing of the single steps during pyrolysis and hydropyrolysis, 
thereby proving the formal kinetic approaches and showing new 
ways process optimisation. 
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tar n = l  
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1) n = 2 
CH4 2 )  n = 2 

3 ) n = 2  

n = 2  C2H6 

n = 2  C2H4 

1 
- 

kO 
E 

- 

138 7.6 . lo8 
- 

140 2.1 . 
142 6 . 0  lo7 
150 1.0 . 10' 

- 

204 7.8 lo1' 
158 2.7 * 10' 
- - 

- 

210 1.5 . 
- 

205 2.7 . 

100 

E kO 

174 1.5 * 10l1 

136 2.0 . loll 
115 2.0 . l o 6  
149 8.0 - IO6 

11 214 7.8 10 
141 5.3 . lo5 
257 1.8 

13 224 2.2 * 10 

218 7.1 . 

E in kJ/mol; k for n = 1 in l/min; ko for n = 2 in g/cm3 min 
0 

Table 1: Values for kinetic parameters f o r  the curves given in 
fig. 9 (right side) 

CHAR 

GASEOUS HYDROCARBONS 
dy ELEMENTAL HYDROGEN 

g - X  1 

0 u10 I Km 1000 
I I'C1 

WATER 
dV c m W  3 [ 7 ]  CARBON OXIDES 

Fig. 1: Example for the product formation during pyrolysis of 
a German coal (32 % V.M. daf); heating rate: 3 K/min; 
atmosphere: N2; total pressure: 11 bar) 
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Fig. 2: Formation of the main pyrolysis gases for coals of 
different rank 
(coal a: 10 % V.M.; b: 19 ,5  % ;  c :  2 9  % , ' d :  39,5 % )  

Fig. 3 :  Influence of particle diameter (d), heating rate (m) 
and pressure on the rate determining step of the pyrolysis 
for a German h.v. bit. coal 
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Fig. 4: Formation of liquid pyrolysis products depending on pressure 
(coal: 38,6 % V.M.; under N2; 3 K/min) 

Fig. 5: 

Fig. 6: Formation of liquid products during hydropyrolysis depending 
on pressure (coal: 38,6 % V.M.; 3 K/min) 
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Fig. 7: Yield of BTX aromatics 
and tar from hydro- 
pyrolysis 
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Fig. 8: Change of the contents 
of aromatics in the 
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Fig. 9: Kinetic equations and description of product formation 
curves for pyrolysis (coal: 3 2 , 9  % V.M.; N 2 ;  3 K/min) 
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Fig. 10: Steps of the primary reaction during coal pyrolysis 
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Fig. 11: Model molecule of a high volatile bituminous coal /14/ 
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SIMULTANEOUS THERMOANALYTICAL and MASS SPECTROMETRIC I N V E S T I G A T I O N S  
- o f  VOLATILE COMPOUNDS EVOLVED f r o m  MINERAL COAL up t o  a TEMPERATURE 

RANGE o f  1800 K. 

S.-I i .  Ohrbach, A. K e t t r u p  

A p p l i e d  C h e m i s t r y ,  U n i v e r s i t y  GH Paderbo rn ,  P.O. Box 1621, 
4790 Paderbo rn  (F.R.G.) 

The f u r t h e r  deve lopmen t  o f  s i m u l t a n e o u s  w o r k i n g  c o u p l i n g  systems 
b a s i n g  o n  d i f f e r e n t  p h y s i c a l  m e a s u r i n g  p r i n c i p l e s  i s  o n e  m a i n  aspec t  
r e g a r d i n g  t h e  i n v e s t i g a t i o n  o f  t h e  t h e r m a l  d e g r a d a t i o n  o r  t h e  o x i -  
d a t i v e  d e c o m p o s i t i o n  p r o c e s s e s  o f  m i n e r a l  c o a l  d i s c u s s e d  and i l l u -  
s t r a t e d  i n  t h i s  paper .  
The c o m b i n a t i o n  o f  t h e  methods  "Thermogravimetry-Derivative Thermo- 
g r a v i m e t r y - D i f f e r e n t i a l  The rma l  Ana lys i s -Mass  S p e c t r o m e t r y "  (TG-DTG-  
DTA-MS)  u s i n g  t h e  equ ipmen t  d e s c r i b e d  l a t e r  o f f e r s  a w ide  v a r i e t y  o f  
u s e f u l  and p r a c t i c a l  a p p l i c a t i o n s  i n  t h e  f i e l d  o f  m i n e r a l  c o a l  ana- 
l y s i s  r e s p e c t i v e l y  ca rbonaceous  m a t e r i a l s  i n  g e n e r a l .  
A w o r k i n g  t e m p e r a t u r e  o f  1800 K and a s t o r e d  t e m p e r a t u r e  c o n t r o l l e d  
program p e r m i t  l o n g  d u r i n g  t h e r m a l  t r e a t m e n t  o f  t h e  samples  i n  v a r i -  
ous a tmospheres  as w e l l  as h e a t i n g  w i t h  r a p i d  h e a t i n g  r a t e s  up t o  20 
I4 min" l i m i t a t i o n  o f  t h e  f u r n a c e .  
F o r  m o n i t o r i n g  t h e  r e l e a s e d  gases  and d e t e r m i n i n g  t h e  mass f r a g m e n t s  
(m/z v a l u e s )  a q u a d r u p o l e  mass s p e c t r o m e t e r  w i t h  r a p i d  scan  c a p a b i -  
l i t y  i s  more c o n v e n i e n t  t h a n  a t i m e - o f - f l i g h t  mass s p e c t r o m e t e r  i n  
many cases  e s p e c i a l l y  room s a v i n g  c o n s t r u c t i o n ,  l o w  c o s t ,  s u f f i c i e n t  
s e n s i t i v i t y  and r e s o l u t i o n .  

E x p e r i m e n t a l  S e c t i o n  

The c o a l  samples  were  g i v e n  by  t h e  " C o a l  M i n i n g  Research  I n s t i -  
t u t e "  a t  Essen (F.R.G.). The combined t h e r m o a n a l y t i c a l  mass s p e c t r o -  
m e t r i c  e x p e r i m e n t s  have been c a r r i e d  o u t  w i t h  a c o u p l i n g  sys tem con- 
s i s t i n g  o f  N e t z s c h  S T A  429 Thermoana lyze r  and R a l z e r s  Q u a d r u p o l e  
Mass S p e c t r o m e t e r  QMG 511. 
The ma in  i n s t r u m e n t a l  f e a t u r e  t o  r e c o r d  mass s p e c t r a  a t  h i g h  tempe- 
r a t u r e s  a t  s t a n d a r d  p r e s s u r e  i s  a s p e c i a l  c o n s t r u c t e d  i n t e r f a c e  b e t -  
ween t h e r m o a n a l y z e r  and  mass s p e c t r o m e t e r ,  s e e  Fig.1.. I t  p e r m i t s  
a l l  d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s  e s s e n t i a l l y  a t  a w o r k i n g  p r e s -  
s u r e  o f  1 b a r  i n  v a r i o u s  i n e r t  o r  r e a c t i o n  gas a tmospheres  a t t h e s a r n -  
p l e  i n t r o d u c i n g  no c o m p l i c a t i o n s  w i t h  r e g a r d  t o  h i g h  vacuum i n  t h e  
mass s p e c t r o m e t e r .  Two modes o f  o p e r a t i o n  depend ing  o n  an i n t e r f a c e  
as a p r e s s u r e  r e d u c t i o n  s y s t e m  a r e  p o s s i b l e :  
1. h i g h  vacuum i n  t h e  who le  c o u p l i n g  sys tem 
2. s t a n d a r d  p r e s s u r e  i n  d i f f e r e n t  gas a tmospheres  i n  t h e  thermoana- 

Two d i f f e r e n t  p r e s s u r e  r e d u c t i o n  sys tems have been employed,  a lum ina  
o x i d e  t u h e s  and q u a r t z  t u b e s  w i t h  o r i f i c e s  a t  t h e  b o t t o m  t o  reduce  
p r e s s u r e  i n  two s tages .  A more  d e t a i l e d  d e s c r i p t i o n  has  been g i v e n  
e a r l i e r  (1) .  
H i g h  vacuum has been t h e  p r e f e r r e d  method t o  g e t  h i g h e r  i o n  y i e l d s  
i n  t h e  upper  mass r a n g e  a v o i d i n g  f r a g m e n t a t i o n  o f  e v o l v e d  compounds. 
The s t o r a g e  o f  t w e l v e  d i f f e r e n t  mass u n i t s  (mass r a n g e s )  up t o  m/z 
v a l u e s  o f  511 i n c l u d i n g  a l l  a d j u s t a b l e  i n s t r u m e n t a l  p a r a m e t e r s  i s  
p o s s i b l e .  The scan  speed v a r i e s  be tween 0.1 ms t o  30 s per mass u n i t .  

F o r  t h e  DTA e x p e r i m e n t s  a m e a s u r i n g  r a n g e  o f  0.05 m V  f u l l  e c a l e  has  
been a p p l i e d  w i t h  c o n s t a n t  h e a t i n g  r a t e s  o f  10 K m i n - l .  

l y z e r  and h i g h  vacuum <10-4mbar i n  t h e  mass s p e c t r o m e t e r .  

\ 
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Magnesium o x i d e  h a s  b e e n  u s e d  a s  a r e f e r e n c e  m a t e r i a l .  We h a v e  c h o s e n  
i t  a s  a d i l u t i o n  s u b s t a n c e ,  t o o ,  when h e a t i n g  s a m p l e s  o f  p a r t i c l e  
s i z e  l a r g e r  t h a n  0.2 m m  d i a m e t e r  s o  t h a t  r e p r o d u c i b l e  e v a l u a t i o n  o f  
t h e  D T G - D T A  d a t a  c a n  b e  e n s u r e d  ( 2 - 7 ) .  A t h e r m o c o u p l e  P t - R h - P t  h a s  
b e e n  e m p l o y e d  f o r  t e m p e r a t u r e  m e a s u r i n g  up t o  1870 H a t  h e a t i n g  
r a t e s  f r o m  0.1 t o  20 ( 5 0 )  6 a p p l y i n g  v a r i o u s  t e m p e r a t u r e  p r o g r a m s  i n  
t h e  D T A  m e a s u r i n g  r a n g e  f r o m  0.05 t o  100 m V .  The s a m p l e  m a s s  was 
t a k e n  w i t h  10 mg a n d  t h e  D T G  s e n s i v i t y  0.5 mg/min cm . 
R e s u l t s  

I n v e s t i g a t i o n s  o f  c o a l  p y r o l y s i s ,  p y r o l y s i s  k i n e t i c s  r e s p e c t i v e l y  
new t r e n d  a n a l y s i s  w h i c h  i s  d o n e  r e g a r d i n g  c o a l  r a n k  h a v e  b e e n  i n -  
t e n s i v e l y  d e s c r i b e d  b y  s e v e r a l  a u t h o r s  i n  v i e w  o f  d e t e r m i n a t i o n  o f  
c o a l  s t r u c t u r e  o r  t h e  d e v o l a t i l i z a t i o n  p r o c e s s  s t u d y  ( 8 - 1 1 ) .  T h i s  
s e r i e s  o f  e x p e r i m e n t s  w h i c h  a r e  r e p o r t e d  h e r e  l e a d s  t o  t h e  i d e n t i f i -  
c a t i o n  o f  t ime  t e m p e r a t u r e  d e p e n d e n t  c o a l  d e v o l a t i l i z a t i o n  p r o d u c t s  
s i m u l t a n e o u s l y .  R e f e r r i n g  t o  o u r  p r e l i m i n a r y  s t u d i e s  i n t o  m e t a l  
c o m p l e x e s  o u r  i n t e r e s t  h a s  m a i n l y  b e e n  a i m e d  t o  a p p l y  t h i s  c o u p l i n g  
s y s t e m  i n  t h e  f i e l d  o f  c o a l  a n a l y s i s ,  e . g .  e v o l v e d  g a s  a n a l y s i s .  
R e g a r d i n g  g a s i f i c a t i o n  p r o c e s s  c o n t r o l  t h e  u t i l i z a t i o n  o f  t h i s  
e q u i p m e n t  may p e r m i t  r e a l i s t i c  e x p e r i m e n t a l  c o n d i t i o n s  s u c h  a s  tem- 
p e r a t u r e ,  t i m e  a n d  a t m o s p h e r e  s i m i l a r  t o  a g a s i f i c a t i o n  e n v i r o n m e n t .  
We g a i n e d  o u r  e x p e r i e n c e  b y  e x e m l a r i l y  i n v e s t i g a t i n g  a few s t a n d a r d  
c o a l  s a m p l e s  t o  t e s t  t h e  c a p a b i l i t y  o f  t h e  a p p a r a t u s  a s  a p o s s i b l e  
use i n  d e v o l a t i l i z a t i o n  a n a l y s i s .  
The T G - D T G - D T A  d a t a  c o r r e l a t e  r e a s o n a b l y .  G a s  e v o l u t i o n  o f  a s a m p l e  
r e s u l t s  i n  m a s s  l o s s  a c c o m p a n i e d  by t h e r m a l  e f f e c t s  e x h i b i t e d  a s  
p e a k  w i d t h ,  - h e i g h t ,  - a r e a  i n  t h e  DTG (DTA) c u r v e  a s  i l l u s t r a t e d  i n  
F i g .  2. The i n c r e a s e  i n  pressure  a s  w e l l  a s  t h e  t e m p e r a t u r e  c a n  b e  
r e c o r d e d  a n d  m e a s u r e d  a t  t h e  s a m p l e .  The d a t a  o b t a i n e d  b y  o u r  t h e r -  
m o a n a l y t i c a l  i n v e s t i g a t i o n s  h a v e  n o t  shown s t r i k i n g  c h a r a c t e r i s t i c s  
o r  s i g n i f i c a n t  t r e n d s  w i t h  r e s p e c t  t o  c o a l  r a n k  a s  s o m e t i m e s  r e p o r t -  
e d  i n  t h e  l i t e r a t u r e .  T h i s  i s  p o s s i b l y  d u e  t o  a l t e r i n g  t h e  r e p r e s e n -  
t a t i v e  s a m p l e s  e . g .  t h e  s e n s i v i t y  f o r  r e p r o d u c i n g  t h e  d a t a .  B e f o r e  
g e n e r a l i z i n g  t h e s e  vacuum r e s u l t s  a d d i t i c n a l  t e s t s  h a v e  b e e n  per- 
f o r m e d  i n  d y n a m i c  n i t r o g e n  a n d  a r g o n  a t m o s p h e r e  s h o w i n g  no g r a d u a l  
d i f f e r e n c e s ,  t o o .  T a b l e  1 s h o w s  s u m m a r i z e d  v a l u e s  o f  t h e  DTG e x p e r i -  
m e n t s .  

T a b l e  1 

A v e r a g e  v a l u e s  o f  c h a r a c t e r i s t i c  t e m p e r a t u r e s  t a k e n  f r o m  t h e  
D T G  c u r v e s  o f  t h r e e  s t a n d a r d  c o a l  s a m p l e s  

a )  b )  c )  d )  e )  
P,I  ti,^^ T f , I I  T P , I I  - - - -  T i , I  f ,  I C o a l  t y p e  

V . M .  d . a . f .  - - 
n n n n n n 

6.9 460 588 538 - - - 
16.2 469 576 540 7 2 7  7 9 2  752 

36.3 477 57 1 537 6 7 3  749 707 

a )  c o a l  t y p e ,  v o l a t i l e  m a t t e r / % ,  b )  T .  i s  t h e  t e m p e r a t u r e  a t  w h i c h  
t h e  c u m u l a t i v e  m a a s  c h a n g e  r e a c h e s  a h a g n i t u d e  t h a t  t h e r m o b a l a n c e  
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R e s u l t i n g  f r o m  o u r  vacuum o p e r a t i o n s  one s t r i k i n g  f a c t  seems t o  be  
v e r y  i m p o r t a n t  t h a t  i s  t o  d e t e r m i n e  t h e  gas c o m p o s i t i o n  o f  t h e  d e v o l -  
a t i l i z a t i o n  p r o d u c t s  i n  t h e  t e m p e r a t u r e  r a n g e  o f  1600 t o  2100 H, be- 
cause i n  o u r  e x p e r i m e n t s  we obse rved  s l i g h t l y  i n c r e a s i n g  cou rses  o r  
maxima p l a t e a u s  o f  i o n  c u r r e n t s  when r u n n i n g  t h e  i n t e n s i t i e s  o f  se-  
l e c t e d  i o n  c u r r e n t s  as a u t o c o n t r o l  s p e c t r a .  A c c o r d i n g  t o  t h i s ,  t h e  
b e g i n  o f  t h i s  phenomena i s  a t  a t e m p e r a t u r e  o f  a b o u t  1 3 5 0  H. The TG 
c u r v e s  i n d i c a t e  a m o n s t o n u u s i y  s m a l l  d e c r e a s i n g  mass l o s s .  The a p p l i -  
c e t i o n  or' a f u r n a c e  w o r k i n g  up t o  2600 K f o r  t h e s e  i n v e s t i g a t i o n s  
w i l l  be r e a l i z e d  s o o n .  

D i s c u s s i o n  

A t y p i c a l  s t a n d a r d  pressure  r u n  o f  a c o a l  sample 6.9 % d.a.f. (an-  
t h r a c i t e )  i s  shown i n  Fig.2. T h i s  e x p e r i m e n t  was c a r r i e d  o u t  i n  dy- 
namic h e l i u m  a tmosphere ,  w h i c h  i s  n o t  v e r y  s u i t a b l e  f o r  TG-DTA-MS 
measurements i n  g e n e r a l .  C o n s t a n t  h e a t i n g  r a t e s  up t o  1800 H and 
c o n s t a n t  c o o l i n g  has  been employed,  i n d i c a t i n g  an a d d i t i o n a l  mass 
l o s s  i n  t h e  D T G  cu rve .  The s l o p e s  o f  t h e  DTG c u r v e s  were s i m i l a r  when 
n i t r o g e n  o r  a r g o n  were used  as i n e r t  gases. I n  t h i s  case t h e  sample 
was p u t  on a h i g h  t e m p e r a t u r e  s t a b l e  c e r a m i c  p l a t e  i n s t e a d  o f  p l a t i -  
num c r u c i b l e s .  The DTG c u r v e  e x h i h i t s  a s h a r p  peak a t  1721 H. Ob- 
s e r v i n g  s i g n i f i c a n t  mass l o s s  i n  t h i s  t e m p e r a t u r e  r a n g e  we have t o  
d e t e r m i n e  t h e  m/z v a l u e s  o f  t h e  e v o l v e d  p r o d u c t s  s i m u l t a n e o u s l y  be- 
g i n n i n g  a t  t e m p e r a t u r e  o n s e t s  o f  d e v o l a t i l i z a t i o n  t o  f i n a l  tempera-  
t u r e s .  T h i s  mode o f  o p e r a t i o n  y i e l d s  no DTA d a t a  b u t  more s t a b l e  TG- 
DTG base l i n e s .  E v o l u t i o n  o f  t h e  gases o r  p a r t i c l e s  a r e  n o w  d e v e l -  
oped  f r o m  a v e r y  l a r g e  s u r f a c e  d i s t r i b u t i o n  i n  c o n t r a s t  t o  p l a t i n u m  
c r u c i b l e s .  
I t  i s  e v i d e n t  t h a t  t h e r m a l  p r o p e r t i e s  o f  c o a l  samples r e s u l t  i n  d i f -  
f e r e n t  d a t a  o f  mass loss c o r r e s p o n d i n g  t o  t h e  v o l a t i l e  m a t t e r  con- 
t e n t .  A g r e a t e r  amount o f  mass loss and u n a v o i d a b l y  l ess  r e s i d u a l  
p r o d u c t s  can  be  e s t i m a t e d  i n  c o n n e c t i o n  w i t h  pressure and f i n a l  
h e a t i n g  t i m e - t e m p e r a t u r e  s u r f a c e  d i s t r i b u t i o n  r e l a t i o n s h i p s ,  u s i n g  
t h e  above m e n t i o n e d  sp icemen,  b u t  DTA d a t a  c a n n o t  be  t a k e n  f r o m  t h i s  
measur ing  d e v i c e .  
Some r e s u l t s  c o n c e r n i n g  t h e  d i f f e r e n t  modes o f  o p e r a t i o n s  and t y p e s  
o f  p rob lems  s h o u l d  be d i s c u s s e d  e x e m p l a r i l y  w i t h  t h e  f o l l o w i n g  exam- 
p l e s .  I n  F i g .  3 t h e  TG-DTG-DTA-T-P c u r v e s  o f  a c o a l  sample w i t h  36.3 
% V.M. d.a.f. a r e  shown e x h i b i t i n g  t w o  peak  t e m p e r a t u r e s  i n  t h e  DTG 
c u r v e  w i t h  a t o t a l  mass l o s s  o f  40 %. Each s t e p  i n  mass loss i n d i -  
c a t e d  i n  t h e  TG c u r v e  c o r r e s p o n d s  t o  an i n c r e a s e  i n  p r e s s u r e .  The 
f i r s t  maximum a t  5 2 3  H i n  mass l o s s  ( e n d o t h e r m a l  s l o p e  o f  t h e  D T A  
c u r v e )  i s  due t o  r e l e a s e  o f  m o i s t u r e  ( c a r b o n  d i o x i d e ,  -monoxide e q u i -  
l i b r i u m ) .  B e f o r e  r e a c h i n g  t h e  second maximum t e m p e r a t u r e  t h e  mass 
spec t rum i n d i c a t e s  t h e  t y p i c a l  b reakdown p a t t e r n  o f  homologous h y d r o -  
c a r b o n  s e r i e s  w i t h  i n c r e a s i n g  i n t e n s i t i e s  as a f u n c t i o n  o f  tempera- 
t u r e .  The e x c i t a t i o n  e n e r g y  a p p l i e d  has been 20 eV up t o  a mass r a n g e  
o f  330 mass u n i t s  i n  t h e  t e m p e r a t u r e  r a n g e  f r o m  6 4 3  t o  663 K,  see 
F i g .  4 .  M o l e c u l a r  c o n d e n s a t i o n  r e a c t i o n s  c a n n o t  be e x c l u d e d  as w e l l  
as f r a g m e n t a t i o n  o f  h i g h e r  m o l e c u l a r  s p e c i e s  i n t o  compounds o f  l o w e r  
masses. I n  some casea we employ  a r a p i d  scan  mode t o  obse rve  i n -  
c r e a s i n g  o r  d e c r e a s i n g  i n t e n s i t i e s  o f  mass f r a g m e n t s  i n  a s m a l l  tem- 
p e r a t u r e  range.  T h i s  i s  shown i n  F i g .  5 e x h i b i t i n g  t h e  d e c r e a s i n g  
i n t e n s i t i e s  o f  t h e  mass r a n g e  o f  m/z=182 t o  184 wh ich  c o r r e s p o n d  t o  
a r e l e a s e  o f  compounde r e s u l t i n g  f rom t h e  d i p h e n y l  s e r i e s  accompa- 
n i e d  b y  o n l y  a s l i g h t  mass loss i n  t h i s  10 H t e m p e r a t u r e  i n t e r v a l .  
The i n v e s t i g a t i o n s  o f  a l o w  v o l a t i l e  b i t u m i n o u s  c o a l  w i t h  16.2 % V. 
M. d.a.f. i s  shown i n  F i g .  6,  o n l y  m o n i t o r i n g  s i x  mass u n i t s  c o r r e -  
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c a n  d e t e c t ,  c )  T f  i s  t h e  f i n a l  t e m p e r a t u r e ,  d )  T r e p r e s e n t s  t h e  
p e a k  t e m p e r a t u r e  ( 1 2 ) ,  e )  I ,  I1 c o r r e s p o n d  t o  t h E  f i r s t  ( s e c o n d )  
m a s s  c h a n g e .  

I n  o u r  i n v e s t i g a t i o n s  t h e  op t imum i n s t r u m e n t a l  p a r a m e t e r s  h a v e  b e e n  
c o n s t a n t  t o  g i v e  c o m p a r a b l e  a n d  r e p r o d u c i b l e  r e s u l t s .  T h e  e v a l u a t i o n  
e s p e c i a l l y  t h e  m a s s  s p e c t r o m e t r i c  d a t a  a r e  l a b o u r - i n t e n s i v e  a n d  t i m e  
c o n s u m i n g .  A c o m p l e t e  c o m p u t i n g  s y s t e m  R T - 1 1  ( D i g i t a l  E q u i p m e n t  Cnr- 
p o r a t i o n )  c o m p a t i b l e  t o  t h e  c o m b i n e d  TG-DTA-MS a p p a r a t u s  i s  a v a i l a -  
b l e  a n d  w i l l  b e  a p p l i e d  t o  r e s o l v e  t h e s e  p r o b l e m s  s o o n .  
The m a t e r i a l  f o r  t h e  m o s t  common c r u c i b l e s  u s e d  f o r  TG-DTA m e a s u r e -  
m e n t s  i s  a l u m i n a  o x i d e ,  b u t  p l a t i n u m  r e s p e c t i v e l y  t a n t a l u m  h a s  b e e n  
t e s t e d  i n  o u r  l a b o r a t o r y .  The y i e l d  o f  t h e  e v o l v e d  g a s e s  h a s  b e e n  
p r e d i c t e d  a s  much h i g h e r  b y  use o f  m e t a l  c r u c i b l e s  d u e  t o  c a t a l y t i c  
e f f e c t s  o f  P t  o r  T a ,  b*.lt i n  o u r  t e s t s w e  d i d  n o t  o b s e r v e  a d r a s t i c  
c h a n g e  i n  g a s  c o m p o s i t i o n  o r  TG-DTA r e s u l t s  by i n s e r t i n g  c o n s t a n t  
m a s s e s  o f  1 0  mg o f  e a c h  c o a l  s a m p l e  a n d  e m p l o y i n g  c o n s t a n t  h e a t i n g  
r a t e s  o f  Y O  K/min. 
I n  a l l  r u n s ,  we r e g i s t e r e d  a g r e a t  number  o f  p o s s i b l e  f r a g m e n t s  f r o m  
t h e  m a c r o m o l e c u l a r  s t r u c t u r e  b r o k e n  i n t o  s m a l l e r  p i e c e s .  T h e  a h u n -  
d a n c e  o f  i n n s  i n  t h e  u p p e r  m a s s  r a n g e  r e l e a s e d  f r o m  c o a l  a t  h i g h e r  
t e m p e r a t u r e s  d e c r e a s e s  d u e  'to t h e r m a l  d e c o m p o s i t i o n  o f  t h e  s p e c i e s  
p r i o r  t o  i o n i z a t i o n .  The y i e l d  n f  f r a g m e n t  i o n s  a b o v e  250 m a s s  
u n i t s  i n c r e a s e s  w i t h  d e c r e a s i n g  e x c i t a t i o n  e n e r g y  a t  20 e V ,  s e e  F i g .  
2. T h e r m a l l y  a c t i v a t e d  c o m p o u n d s  a l w a y s  n e e d  less e n e r g y  f o r  decom- 
p o s i t i o n  t h a n  " c o l d "  p a r t i c l e s .  T h i s  e f f e c t  i s  p r e v a i l i n g  when exam- 
i n i n g  t h e  f r a g m e n t a t i o n  p a t t e r n  of a l i p h a t i c  m o l e c u l e s  i n  c o n t r a s t  
t 3  a r o m a t i c  d e v o l a t i l i z a t i o n  p r o d u c t s .  The i n f l u e n c e  o f  i n c r e a s i n g  
t e m p e r a t u r e  nn t h e  d e c o m p o s i t i o n  o f  t h e  v o l a t i l e s  c a n n o t  b e  e l u c i -  
d a t e d  a t  p r e s e n t  a s  b i e l l  a s  s e c o n d a r y  r e a c t i o n s  o f  t h e  t a r  when 
p e r f o r m i n g  h i g h  vacuum a n a l y s i s .  
The m a s s  f r a g m e n t s  o f  s t r u c t u r a l  r e l . a t e d  c o m p o u n d s  h a v e  b e e n  moni-  
t o r e d  r e c o r d i n g  s e l e c t e d  i o n  c u r r e n t s  o f  d i f f e r e n t  h y d r o c a r b o n  s e -  
r i e s  i n c l u d i n g  m a s s  v a l u e s  o f  h e t e r o c y c l e s  ( s u l f u r  a n d  n i t r o g e n  
c o n t a i n i n g  c o m p o u n d s ) .  P r e v i o u s  m r k  h a s  b e e n  d o n e  b y  M e u z e l a a r  e t  
a l .  ( 1 2 ) .  We h a v e  o b s e r v e d  g r e a t  a m o u n t s  o f  s t a b l e  p o l y c y c l i c  a r o -  
m a t i c  s e r i e s  w i t h  o n e  o r  more  maxima a t  d i f f e r e n t  t e m p e r a t u r e s  a n d  
t h e  o c c u r e n c e  o f  d:uble c h a r g e d  p o s i t i v e  i o n s  a s  shown i n  F i g .  3 .  
The t y n i c a l  f r a g m e n t a t i o n  o f  a l k y l a t e d  b e n z e n e  s e r i e s  h a s  b e e n  d e -  
t e c t e d  i n  e v e r y  case i n d i c a t e d  by 105s o f  t h e  h o m o l o g o u s  mass u n i t  
14.  The l a r g e  number  I f  d a t a  o f  n u r  e x p e r i m e n t s  h a s  t o  b e  p r o c e s s e d  
o n - l i n e  by t h e  a b o v e  m e n t i o n e d  c o m p u t i n g  s y s t e m .  
The y i e l d  o f  t h e  d e v o l a t i l i z a t i o n  p r o d u c t s  w i t h i n  h e a t i n g  p e r i o d s  
d e p e n d s  l i t t l e  o n  h e a t i p g  r a t e s  u h e n  c o a l s  o f  s i m i l a r  r a n k  a r e  i n -  
v e s t i g a t e d ,  b u t  o n  p a r t i c l e  s i z e  a n d  s u r r o u n d i n g  a t m o s p h e r e  r e s p e c -  
t i v e l y  pressure  w i t h  r e g a r d  t o  d e t e c t a b l e  f r a g m e n t  i o n s  i n t o  t h e  
m a s s  s p e c t r o m e t e r .  The e x p e r i m e n t a l  c o n d i t i o n s  u s i n g  t h e  h i g h  tem- 
p e r a t u r e  s t a b l e  c e r a m i c  g a s  i n l e t  s y s t e m  i n  s t a t i c  a i r  o r  e m p l o y i n g  
d y n a m i c  a i r  f l o w  w i t h o u t  p r e s s u r e - t e m p e r a t u r e  c o r r e c t i o n s  d u r i n g  
t h e  e x p e r i m e n t  r e s u l t  i n  n o n  r e p r o d u c i b l e  mass s p e c t r a l  d a t a .  S m a l l  
h e a t i n g  r a t e s  o f  b e l o w  5 K/min c a u s e  more  r a p i d  o x i d a t i o n  o f  t h e  
v o l a t i l e s  r e l e a s e d .  A c c o r d i n d l y  t h e  i n t e n s i t i e s  o f  t h e  d e g r a d a t i o n  
p r o d u c t s  i n  t h e  l o w  m a s s  r a n g e  show a n  i n c r e a s e  c o r r e s p o n d i n g  t o  
e x o t h e r m a l  e f f e c t s  i n  t h e  D T A  c u r v e .  The p e a k  t e m p e r a t u r e s  o f  t h e  
D T A  c u r v e s  c o r r e l a t e  w i t h  maxima i n  d e r i v a t i v e  t h e r m o g r a v i m e t r i c -  
a n d  pressure c u r v e s .  T h e r e f o r e ,  m o s t  o f  our e x p e r i m e n t s  were r u n  i n  
vacuum. I t  m u s t  b e  m e n t i o n e d  t h a t  a t  h i g h  t e m p e r a t u r e s  t h e  v o l a t i l e s  
may u n d e r g o  r a d i c a l  r e a c t i o n s  w h i c h  c a n n o t  b e  o b s e r v e d  b y  L I S ~  o f  t h e  
m a s s  s p e c t r o m e t e r .  
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s p o n d i n g  t o  t h e  c l e a v a g e  p r o d u c t s  i n d i c a t e d  e x c e p t i o n a l l y  s u l f u r  
c o n t a i n i n g  m o l e c u l e s  i n  t h e  lower mass r a n g e  o f  i n t e r e s t .  The e v o -  
l u t i o n  o f  E T X - a r o m a t i c  compounds  e x h i b i t s  a maximum i n t e n s i t y  a t  723  
K a s  w e l l  a s  o t h e r  p o l y c y c l i c  a r o m a t i c  s u b s t a n c e s .  E x p e r i m e n t s  o b -  
s e r v i n q  t h e  e g r e s s  r a t e s  o f  t h e  v o l a t i l e s  r e l e a s e d  a r e  p r o j e c t e d .  

C o n c l u s i o n  

S u m m a r i z i n g  t h e  g o a l s  o f  o u r  i n v e s t i g a t i o n s  t h e r e  a r e  two c a t e g -  
o r i e s  o f  i n t e r e s t  d e a l i n g  o n  t h e  o n e  h a n d  w i t h  t h e  a p p l i c a t i o n  o f  
n o n e  c o m p u t e r i z e d  TG-DTG-DTA-MS a n a l y s i s  a n d  o n  t h e  o t h e r  h a n d  w i t h  
c o m p l e t e  o n - l i n e  c o n t r o l  o f  t h e  d e v o l a t i l i z a t i o n  p r o c e s s  i n  a h i g h  
t e m p e r a t u r e  f u r n a c e  a b o v e  1 8 0 0  K. The f i r s t  d i r e c t l y  o f f e r s  t h e  
p o s s i b i l i t y  t o  g e t  u n r e l i a b l e  d a t a  t o  s t u d y  t h e r m a l  d e c o m p o s i t i o n  
o f  c a r b o n a c e o u s  m a t e r i a l  w i t h  r e g a r d  t o  g a s  c o m p o s i t i o n  d e p e n d i n g  
o n  t e m p e r a t u r e - t i m e  r e l a t i o n s h i p s  e m p l o y i n g  d i f f e r e n t  a t m o s p h e r e s  
a n d  s t a n d a r d  p r e s s u r e .  The s e c o n d  o b j e c t  i s  t o  q u a n t i f y  t h e s e  re-  
s u l t s  a n d  d a t a  t o  s t u d y  t h e  k i n e t i c s  d u r i n g  t h e r m a l  d e g r a d a t i o n  up 
t o  h i g h e r  mass r a n g e s  a n d  t e m p e r a t u r e s .  P r a c t i c a l  a p p l i c a t i o n  m u s t  
b e  a m a i n  f e a t u r e  o f  t h e s e  i n v e s t i g a t i o n s .  B e c a u s e  c o a l  s t r u c t u r e  
a n d  t h e  c o r r e s p o n d i n g  t h e r m a l  d e c o m p o s i t i o n  p r o c e s s  c a n n o t  b e  s e p -  
a r a t e d .  T h e r e f o r e  t h e  t e s t s  h a v e  t o  b e  c a r r i e d  o u t  s i m u l t a n e o u s l y  
n o t  b a s i n g  o n  m a t h e m a t i c a l  d e s r r i p t i o n  o f  p y r o l y s i s  b e h a v i o u r  o f  
model  s u b s t a n c e s  w h i c h  a r e  o f t e n  f a r  a w a y  f r o m  p r a c t i c a l  u t i l i z a -  
t i o n .  
The e n h a n c e m e n t  o f  t h e  a b u n d a n c e  o f  m a a s  f r a g m e n t s  i s  i n f l u e n c e d  b y  
c a t a l y t i c  e f f e c t s  o f  t r a n s i t i o n  m e t a l  c o m p o u n d s .  We a r e  e n g a g e d  t o  
s t u d y  t h e s e  e f f e c t s  d u r i n g  o u r  c o n t i n u o u s  work a s  w e l l  a s  r e a c t i o n s  
o f  t a r  w i t h  v a r i o u s  t e s t  g a s e s  e x a m i n i n g  t h e  c h a n g e  i n  g a s  c o m p o s i -  
t i o n .  The r e a c t i o n  g a s  m u s t  b e  i n t r o d u c e d  by u s e  o f  a c a p i l l a r y  
i n l e t .  
We c o n c l u d e  t h a t  a d d i t i o n a l  i n s t r u m e n t a l  m o d i f i c a t i o n  o f  t h e  meas-  
u r i n g  d e v i c e  r e g a r d i n g  m e a s u r e m e n t s  r e l a t e d  t o  r e a l i s t i c  c o n d i t i o n s  
a n d  q u a n t i t a t i v e  r e s u l t s  i s  n e e d e d .  Mass  s p e c t r o m e t r i c  a n d  g a s  
c h r o m a t o g r a p h i c  i d e n t i f i c a t i o n  o f  t h e  e v o l v e d  compounds  a f t e r  t h e r -  
m a l  t r e a t m e n t  i n  t h e  TG-DTA-MS a p p a r a t u s  a b o v e  1 8 0 0  K would  b e  w e l l  
s u i t e d  i n  a n a l y s i s  o f  d e v o l a t i l i z a t i o n  p r o d u c t s .  
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.gas sampling system 

\ 

F;g. 1. Gas i n l e t  sys tem o f  t h e  TG-DTA-MS a p p a r a t u s  show ing  t w o  
h i g h  t e m p e r a t u r e  s t a b l e  c e r a m i c  t u b e s  f o r  p r e s s u r e  r e d u c t i o n  and 
t h e  ce ramic  o r o t e c t i v e  t u b e  o f  t h e  f u r n a c e .  ? 

I 
D TG 

T 
TT 23 1273 1023 773 - 
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Fig. 2. The TG-DTG c u r v e s  o f  an a n t h r a c i t e  w i t h  6.9 % v o l a t i l e  mat-  
t e r  d.a.f. e m p l o y i n g  c o n s t a n t  h e a t i n g  and c o o l i n g  
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F i g .  3. TG-DTG-DTA-p-T c u r v e s  o f  a c o a l  s a m p l e  w i t h  36.3 % v o l a t i l e  
m a t t e r  d . a . f .  r e c o r d e d  i n  h i g h  vacuum. 

loo 

75 

50 

60 330 

F i g .  4 .  Mass s p e c t r u m  o f  a c o a l  s a m p l e  w i t h  3 6 . 3  % v o l a t i l e  m a t t e r  
d . a . f .  i n  t h e  t e m p e r a t u r e  r a n g e  f r o m  6 4 3  H t o  663  H s i m u l t a n e o u s l y  
r e c o r d e d  t o  t h e  d a t a  m e n t i o n e d  i n  F i g .  3 .  
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coal 36,3 % -- - 

F i g .  5. Mass s p e c t r u m  i n  t h e  mass r a n g e  f r o m  182 t o  184 m a s s  u n i t s  
i n  t h e  t e m p e r a t u r e  r a n g e  f r o m  7 8 8  H t o  7 9 8  K o f  a c o a l  s a m p l e  w i t h  
3 6 . 3  % v o l a t i l e  m a t t e r  d . a . f .  
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F i g .  6 .  A u t o v o n t r o l  m a s s  s p e c t r u m  o f  f i v e  p r e s e l e c t e d  i o n  c u r r e n t s  
c o r r e s p o n d i n g  t o  t h e  m a s s  f r a g m e n t s  i n d i c a t e d  a s  No. 1-5 o f  a c o a l  
s a m p l e  w i t h  1 6 . 2  % v o l a t i l e  m a t t e r  d . a . f .  ( T - f r o m  3 2 3  K t o  7 5 7  K )  
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, I  

IHTROW(XI0N 

A major emphasis i n  t h e  thermochemical conversion of biomass to  f u e l s  and chemicals 
i s  on the  high hea t  t r a n s f e r  processes  general ly  c a l l e d  f a s t  py ro lys i s  ( 1 ) .  The 
ob jec t  of f a s t  py ro lys i s  is t o  produce high-value, low-molecular-weight products 
while avoiding t h e  formation of char .  This concept has  been appl ied t o  the 
formation of hydrocarbon gases  ( 1 )  and t o  the d i r e c t  l i que fac t ion  of wood ( 2 )  a s  
wel l  a s  t o  the  f l a s h  py ro lys i s  of coa l  ( 3 ) .  

One problem i n  these  processes  is t h a t  t he  r a t e  and r eac t ion  condi t ions make it 
d i f f i c u l t  t o  study the  s e q u e n t i a l  r eac t ions  t h a t  occur,  p a r t i c u l a r l y  the  i n i t i a l  
d e v o l a t i l i z a t i o n  or primary py ro lys i s  s t eps .  This i n i t i a l  product s l a t e  is 
d i f f i c u l t  t o  determine due t o  the  r e a c t i v i t y ,  thermal l a b i l i t y ,  and molecular weight 
range of the products as well  a s  the subsequent condensation o r  cracking react ions 
t h a t  mask the  i n i t i a l  composition. 

To accomplish the determinat ion of primary product composition, t he  f l a s h  pyrolysis  
of samples i n  900°C steam/He has  been coupled with a molecular-beam sampling system 
f o r  a mass spectrometer t h a t  permits real-t ime sampling and rapid quenching from 
ambient hot  environments,  while  preserving r e a c t i v e  and condensible spec ie s .  This 
system has been ex tens ive ly  descr ibed i n  two r ecen t  pub l i ca t ions  ( 4 ,  5 )  and is 
b r i e f l y  reviewed i n  the  experimental  s e c t i o n  below. 

The m j o r  emphasis of t h i s  r epor t  i s  on  t he  determination of the primary pyrolysis  
mechanism of t h e  f a s t  py ro lys i s  of l i gnoce l lu los i c  biomass and i t s  major 
cons t i t uen t s :  c e l l u l o s e ,  hemicel lulose ( p a r t i c u l a r l y  the  pentoses ,  xylan and 
a rab inan) ,  and l i g n i n .  Other carbonaceous mater ia ls  a r e  a l s o  included fo r  t he  
purposes of comparison and demonstrating the  technique, but  py ro lys i s  mechanisms 
w i l l  not be discussed.  These ma te r i a l s  include Texas l i g n i t e ,  P i t t sbu rgh  # 8  coa l ,  
Utah tar sand, Cblorado o i l  sha l e ,  high-moor and low-moor peat ,  polyethylene,  and 
polystyrene.  m e  p l a s t i c s  a r e  included because they a r e  an important component of 
municipal s o l i d  waste and refuse-der ived f u e l .  

WPERIWINTAL 

The f a s t  pyrolysis/molecular-beam sampling/mass spectrometer (Fig.  1 )  used i n  t h i s  
study is run by suspending a qua r t z  boat  of mater ia l  (25-50 mg) i n  t h e  unigni ted 
flame gases ( H 2 ,  02, and H e )  and posi t ioned a t  5 mm below t h e  sampling o r i f i c e .  A t  
t h i s  pos i t i on ,  res idence t i m e  (5 -25  m s )  is i n s u f f i c i e n t  f o r  secondary cracking t o  
occur.  The flame is i g n i t e d  and t h e  900°C steam and helium, which a r e  maintained 
f r e e  of oxygen, h e a t  t h e  sample t o  py ro lys i s  and sweep t h e  products  away s o  only 
promptly-formed gases a r e  introduced i n t o  the  sampling o r i f i c e .  Since the  i n i t i a l  
pyrolysis  process is endothermic and e s s e n t i a l l y  a b l a t i v e ,  t he  a c t u a l  process 
temperature is wel l  below t h e  900°C steam/He ( 1 ) .  The sonic  sampling o r i f i c e  
rapidly quenches t h e  sampled gases  which a r e  subsequently col l imated a s  a molecular 
beam for  i n t roduc t ion  i n t o  the  ion source of a quadrupole mass spectrometer.  Low 
energy e l ec t ron  inpac t  i o n i z a t i o n  ( 1 5 . 5  eV) i s  used t o  minimize fragmentation. The 
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f r e e - j e t  expansion of the  sampled gases r e s u l t s  i n  rapid quenching and presents  
' i n t e r n a l l y  cooled molecules t o  the  i o n  source which a l s o  minimizes i o n i z a t i o n  
f fragmentation. 

The two major disadvantages of the technique a re :  ( 1 )  d i f f i c u l t y  i n  q u a n t i t a t i o n  
due t o  mass d iscr imina t ion  i n  t h e  molecular beam, and v a r i a t i o n  i n  i o n i z a t i o n  
s e n s i t i v i t i e s  a t  low e l e c t r o n  energy; and ( 2 )  t h e  ambiguity i n  s t r u c t u r e  assignment 
based on only  t h e  i o n  mass. 

RESULTS AND DISWSSION 

Biomass  

'\ 

\ 

Cellulose pyro lys i s  has been ex tens ive ly  i n v e s t i g a t e d  ( 6 ) .  In  Fig. 3 ( t o p )  i s  shown 
t h e  pyrolysis-mass spectrum (py-ms) of c e l l u l o s e  from 45 t o  445 amu. Levoglucosan 

, (Fig. 2, I) is w e l l  known t o  be the  major primary p y r o l y s i s  product from c e l l u l o s e  
i n  the  high temperature p y r o l y s i s  regime (71, y e t  t h e  parent  i o n  (mass 162) i s  of  
secondary importance i n  t h e  spectrum. Work with chemical i o n i z a t i o n  (8) has shown 
t h a t  under t y p i c a l  i o n  source condi t ions ,  levoglucosan i s  h i g h l y  fragmented by EI. 
The major por t ion  of masses 144, 73, 60, and s i g n i f i c a n t  p o r t i o n s  of 98 and 126, a r e  
due t o  E1 fragmentation of levoglucosan, so caut ion  is requi red  i n  i n t e r p r e t i n g  py- , m s .  Nevertheless,  from s tudying  model compounds t o  determine t h e  ex ten t  of E 1  
fragmentation, a g r e a t  d e a l  of i n s i g h t  can be gained from t h i s  experimental  
system. The s t r i k i n g  s i m p l i c i t y  of c e l l u l o s e  pyro lys i s ,  p a r t i c u l a r l y  i n  the higher 
mass region, is an i n d i c a t i o n  of t h e  dominance of t h e  t r a n s g l y c o s y l a t i o n  mechanism 
which leads t o  levoglucosan formation ( 7 ) .  The set of peaks a t  h igher  molecular 

1 weights ( 2 8 8 ,  306, 324, 325) is due t o  dimer formation and i s  analogous t o  t h e  126, 
, 144, 162, 163 series f o r  levoglucosan. The dimer ( m a s s  324) could be due t o  a 

glucose-levoglucosan d isacchar ide ,  but t h a t  substance would probably be of l i m i t e d  , thermal s t a b i l i t y .  Another p o s s i b i l i t y  is  the formation of 1 '  ,6 :4 '  ,2-dianhydro- 
diglucopyranose (Fig.  2, 11) by t r a n s g l y c o s y l a t i o n  from t h e  hydroxymethyl group of 
r i n g  1 t o  t h e  C-1 of r i n g  2. Groups analogous t o  t h i s  dimer s e r i e s  have been 
observed up t o  mass 1135 (7 u n i t s ) .  The odd masses such a s  163 and 325 a r e  thought ' t o  be E1 fragments of higher polymers because t h e  r a t i o s  162/163 and 324/325 

{ decrease a s  t h e  EI vo l tage  i s  increased  from 15 t o  50 ev. These observa t ions  a r e  
specula t ive  and r e q u i r e  c o l l a b o r a t i o n  with o t h e r  experimental  systems. 

The a d d i t i o n  of c a t a l y t i c  amounts of a l k a l i  s a l t s  h a s  been known t o  i n h i b i t  
levoglucosan formation ( 7 ) .  The py-ms of c e l l u l o s e  t r e a t e d  with 5% (mole) e 
( K ~ c o ~ )  is shown i n  t h e  bottom of Fig. 3. The s i m p l i c i t y  of c e l l u l o s e  p y r o l y s i s  h a s  
been replaced by a much more complicated spectrum with the  not iceable  absence of 
levoglucosan and t h e  dimer. The masses assoc ia ted  with furan  compounds a r e  now 
predominant: 98, f u r f u r y l  a lcohol ;  110. 5-methyl-furfural;  and 126, 5- 
(hydroXYmethyl)-fUrfuKdl. Only 110 is increased  i n  a b s o l u t e  t e r m  above what i s  
obtained i n  unt rea ted  c e l l u l o s e  pyro lys i s .  Within the  low-molecular-weight range, 
which is not  shown here ,  masses 32 and 43 i n c r e a s e  i n  y i e l d  due t o  methanol and 
carbonyl compounds, respec t ive ly .  This treatment a l s o  i n c r e a s e s  the  y i e l d  of char  
by a f a c t o r  of 100. A poss ib le  explana t ion  f o r  t h e s e  observa t ions  is  t h a t  t h e  
a l k a l i  sa l t  ca ta lyzes  the CroSS-linking between c e l l u l o s e  cha ins  and prevents the 
s ter ic  rearrangements necessary f o r  t r a n s g l y c o s y l a t i o n .  This allows the  simple 
f i s s i o n  r e a c t i o n s  t h a t  y i e l d  carbonyl compounds, furans ,  and methanol t o  predominate 
as well  as preserv ing  more of t h e  carbon a s  Char. 

The hemice l lu loses  a r e  heterogeneous polysaccharides.  Examples a r e  xylans 
(hardwoods), glucomannans (softwoods).  and arab inogalac tanes  ( a l s o  c l a s s i f i e d  a s  an , e x t r a c t i v e )  ( 9 ) .  Only xylan and arab inose  w i l l  be d iscussed  here  s i n c e  the  other 
hexopyranoses have s i m i l a r  p y r o l y s i s  products  t o  c e l l u l o s e .  Xylan is a @-1,4 pento- 
pyranose polymer t h a t  d i f f e r s  from Cel lu lose  mostly by t h e  missing hydroxymethyl 
group (C-6). In n a t i v e  mod ,  t h e  xylan h a s  a c e t y l  groups bound t o  t h e  C-2 p o s i t i o n  

I as w e l l  as minor amounts Of glucuronic ac id .  In t h e  separa t ion  technique these 
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alt-oups a r e  removed and r e s i d u a l  s a l t s  from the process may have an e f f e c t  on the  
py ro lys i s  of xylan as seen i n  c e l l u l o s e  py ro lys i s .  The spectrum shown i n  t he  top of 
~ i q .  4 demonstrates t h a t  i n  the absence of the hydroxymethyl group, no simple high- , 

molecular-weight p a t t e r n  i s  p resen t .  In f a c t ,  t h e  spectrum is  s i m i l a r  t o  the one 
f o r  t he  a l k a l i - t r e a t e d  c e l l u l o s e  i n  Fig. 3. The lower-molecular-weight peaks a r e  . 

probably carbonyl compounds (e.g., butanedione, 8 6 )  and furan compounds (e.g., . 
f u r f u r a l ,  96). Schulten and Gortz ( 7 0 )  proposed th ree  basic  chemical react ion 
mechanisms to  explair? the formation of t h e  smaller  py ro lys i s  products :  dehydration, 
r e t r c a l d o l i z a t i o n ,  and decarbonylat ion,  but  they a r e  probably only important a s  , 
primary r eac t ions  when t r ansg lycosy la t ion  is prevented, a s  fo r  xylan, and a r e  more 
important a s  secondary cracking pathways. The l a rge  peak a t  114 has been i d e n t i f i e d  I 

from xylan pyrolysis  a s  3-hydroxy-2-penteno-l.5-lactone by Ohnishi et  a l .  (1 1). 
T h i s  is the most c h a r a c t e r i s t i c  peak of pentoses and is p resen t  i n  both xylan and ' 
arabinose although they have pyranose and furanose s t r u c t u r e s ,  r e spec t ive ly .  

Arabinose is only a minor component of hemicel lulose [3.5% of a l l  sugars  i n  ' 
softwoods and minor amounts i n  hardwoods (9)l and is p resen t  a s  copolymers with 
o t h e r  sugars such a s  ga l ac tose  or xylanose. However, it is discussed here because , 
it c l e a r l y  demonstrates s o w  of the  pathways discussed previously.  Arabinose is a 
pentofuranose with a hydroxymethyl group t h a t  undergoes s imi l a r  t ransglycosylat ion ' 
r eac t ions  a s  OCCUKS i n  c e l l u l o s e  py ro lys i s .  The spectrum i n  t h e  bottom of Fig. 4 , 

shows a s e r i e s  of peaks, 132, 114, 96 which a r e  analogous t o  162, 144, 126 i n  %{ 
c e l l u l o s e .  The 132 peak may be due t o  1,5 anhydroarabinofuranose which could lose 
H20 t o  form a double bond between C-2 and C-3 and give t h e  peak a t  mass 114. 
Al te rna t ive ly ,  t h e  114 peak may be due t o  3-hydroxy-2-penteno-1,5-lactone as i s  1 
proposed by Oshnishi e t  a l .  i n  xylan py ro lys i s  (11). A dimer peak i s  present  i n  
arabinose (mass 264) i n  c o n t r a s t  to xylan. 

The t h i r d  major category of biomass cons t i t uen t s  is the  l i g n i n  f r ac t ion .  The py-ms 
of two types of separated l i g n i n  f r a c t i o n s  der ived from Aspen mod i s  shown i n  Fig. /I 
5. I n  both cases ,  the d i s t r i b u t i o n  of l i g n i n  peaks is d i f f e r e n t  from t h a t  observed 
i n  nat ive aspen py ro lys i s  where the  l i g n i n  hardwood monomers, c o n i f e r y l  a l coho l  
(180) (Fig.  2, 111) and s inapy l  a l coho l  (210) (Fig.  2, N), c l e a r l y  predominate. Of 
t he  various methods of s e p a r a t i n g  l i g n i n  from wood, ba l l -mi l l i ng  followed by so lven t  
e x t r a c t i o n  is the l e a s t  d e s t r u c t i v e  (Fig.  5, t o p ) .  The steam explosion process 
(F ig .  5 ,  bottom) changes t h e  d i s t r i b u t i o n  of products  giving decreased y i e lds  of t h e  
monomers and increased y i e l d s  of t h e  smaller  fragments. The guaiacol  (124) (Fig.  2, 
V I )  s e r i e s  is der ived from c o n i f e r y l  a l coho l  (180) and inc ludes  guaiacol  (124), 
methyl guaiacol  (138), e t h y l  gua iaco l  (152), and coniferylaldehyde (178). The 
sy r ingo l  (154) (F ig .  2, V I 1 1  s e r i e s  i s  der ived from s i n a p y l  a lcohol  (210) and 
includes methyl sy r ingo l  (168), e t h y l  sy r ingy l  (182). vinyl  sy r ingo l  (l80), propenyl 
sy r ingo l  (1941, l-hydroxy-3,5-dimethoxy-benzaldehyde (182). and syringylaldehyde 
(208). In add i t ion ,  the steam-explosion process  leads t o  a higher  abundance of the 
higher-molecular-weight dimer peaks (272, 280, 302, 332) which have a l s o  b e e n  found 
by high performance s i z e  exclusion chromatography of these ma te r i a l s .  They probably 
correspond t o  8-0-4 a l k y l  a r y l  e t h e r  s t r u c t u r e s  (Fig.  2, IX) or phenyl coumarin- 
de r ived  compounds (Fig 2, X) with p a r t i a l l y  cleaved s i d e  chains  (12). 

Studies  of t h e  r a t e  of product formation have shown t h a t  no t  only a r e  t h e  monomer 
u n i t s  formed i n  i n i t i a l l y  high y i e l d s ,  but they a r e  a l s o  the  f i r s t  products t o  form 
with smaller l i g n i n  fragments such a s  guaiacol  formed l a t e r .  The evolut ion of mass 
272 reaches a maximum a f t e r  t h e  mnomers, but  before the  l i g h t e r  fragments reach 
maximum evolut ion.  These r e s u l t s  sugges t  t h a t  during py ro lys i s  f u r t h e r  cleavage of 
t h e  higher-molecular-weight polymers i n t o  the  s t a b l e  e the r  dimers occurs.  This 
d i f f e r e n t i a l  evolut ion of primary products  from l i g n i n  py ro lys i s  is i n  c o n t r a s t  t o  
c e l l u l o s e  where a l l  products reach a maximum a t  t he  same time. 

The predominance of t h e  l i g n i n  monomers and t h e  peak a t  mass 272 i n d i c a t e s  t h a t  an 
a l t e r n a t i v e  mechanism of formation is l i k e l y  o the r  than j u s t  random bond cleavage. 

\ 

)' 
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The 8 t o  a carbon-carbon bond of the propyl s i d e  chain can be cleaved under 
py ro lys i s  condi t ions.  

Some representat ive biomass samples a r e  shown i n  f ig .  6.  N o  hardwood sample is 
shown since the  whole aspen wood spectrum c l o s e l y  resembles t h e  ba l l -mi l l ed  aspen 
l i g n i n  spectrum i n  f ig .  5 with the a d d i t i o n a l  con t r ibu t ion  from the  carbohydrates  
and t h e  d i f f e rence  i n  proport ions of l i g n i n  peaks,  with 180 and 210 being t h e  
predominant l i gn in  peaks i n  the  whole wood pyro lys i s  spectrum. The py ro lys i s  of 
pine ( f ig .  6 ,  top)  is t y p i c a l  of softwoods with t h e  l a r g e  y i e l d  of c o n i f e r y l  a l c o h o l  
and the  presence of the group of peaks a t  higher  molecular weight. The s t r u c t u r e s  
of these products a r e  probably der ived from the  dimer of c o n i f e r y l  a l coho l  with a 
minor peak a t  342 due to  the  condensation of two monomers ( 3 6 0 - 1 8 ) .  The o the r  peaks 
i n  t h i s  group a r e  probably due to  rearrangement r eac t ions .  Of p a r t i c u l a r  i n t e r e s t  
i s  the  peak a t  mass 272 since it forms e a r l i e r  than the  o the r  high-molecular-weight 
l i g n i n  peaks and is presen t  i n  higher  abundances. A poss ib l e  assignment i s  an e n o l  
e t h e r  such a s  (IX). This peak is p resen t  i n  a l l  l i g n i n s  inves t iga t ed - -k ra f t ,  mil led 
wood, organosolv, and steam explosion. 

The r i ce  h u l l  py ro lys i s  spectrum shown i n  the  bottom of Fig. 6 is t y p i c a l  of 
grasses ,  which have an a d d i t i o n a l  l i g n i n  monomer, p-coumaryl a l coho l  (mass 1 5 0 )  t h a t  
is q u i t e  o f t en  the major l i g n i n  monomer peak fo r  grasses .  l he  peak a t  mass 120 is  

p- 
vinyl-phenol. Mass 120 is unusual s ince  it has the  same e a r l y  evolut ion path a s  the 

reach maximum evolut ion s i g n i f i c a n t l y  l a t e r  than the mnomers. The pentoses a l s o  
make a s i g n i f i c a n t  con t r ibu t ion  t o  the py ro lys i s  products of g ra s ses  judging by t h e  
increased y i e ld  of mass 114 which is c h a r a c t e r t i s t i c  of xylan and arabinose 
(Fig.  4 ) .  

Ether c leavages could a l s o  occur.  

1 a l s o  common t o  most g ra s ses  and probably i s  due t o  the  coumaryl a l coho l  fragment, 

! monomers 150. 180, and 210, unlike o the r  l i g h t e r  fragments,  i.e., guaiacol ,  t h a t  

The more complex spec t r a  of t h e  py ro lys i s  products  of s e v e r a l  o the r  carbonaceous 
ma te r i a l s  a r e  shown i n  Figs. 7-10 fo r  comparison and a r e  b r i e f l y  descr ibed below. 
m e  spec t r a  of two c o a l  samples a r e  shown i n  Fig. 7a. ?he py ro lys i s  products  a r e  
more d i f f i c u l t  t o  r a t i o n a l i z e  than the  l i g n i n  peaks i n  wood. To f a c i l i t a t e  
discussion,  homologous s e r i e s  of peaks a r e  connected by l i n e s  i n  the  f i g u r e s  as is 
used by Meuzelaar e t  a l .  ( 1 3 ) .  

The l e s s  mature Texas l i g n i t e  shown i n  Fig. 7 is dominated by the  phenol ic  s e r i e s  
(94, 108, 1 2 2 ) .  Other t y p i c a l  l i g n i n  peaks (110,  124,  138, 150,  1 6 4 )  a r e  g r e a t l y  
diminished i n  t h i s  l i g n i t e  sample. Several  naphthalene-derived s e r i e s  a r e  
p re sen t :  t e t r a l i n  (Fig.  2, X I )  (132,  146,  160,  174, e t c ) ,  dihydronaphthalene (144,  
158,  172,  1 8 6 ) ,  and a l k y l  naphthalene ( 1 4 2 ,  1 5 6 ,  170, 1841, a s  wel l  a s  
tetrahydroanthracene ( 1 8 2 ,  196,  210, 2 2 4 ) .  

I 

The bituminous coal  sample, Pi t tsburgh #8,  e x h i b i t s  d i f f e r e n t  p a t t e r n s .  The 
phenolic s e r i e s  i s  decreased i n  importance ( a s  would be expected fo r  t h e  more mature 
sample) but  t he  110, 124.  138 s e r i e s  is enhanced. I n  add i t ion  t o  the  l i gn in  derived 
methoxyphenols t h i s  s e r i e s  could a l s o  be due t o  a l k y l  dihydroxybenzenes o r  
dialkenes.  The dihydronaphthalene s e r i e s  ( 1 4 4 ,  158,  172,  186) i s  much more 

I predominant than i n  l i g n i t e  and the  t e t r a l i n  and a l k y l  naphthalenes a r e  not 
obviously present .  The Se r i e s ,  184, 198,  212, 226, 240,  which is t h e  same sequence 
a s  a l k y l  naphthalenes.  is i n  t h i s  ca se  probably due t o  hexahydroanthracene, because 
of the  higher-molecular-weight range. The l a s t  s e r i e s  ou t l ined  ( 2 3 4 ,  248, 262) m y  

due t o  a 4-ring naphthenoaromatic s t r u c t u r e  with t h e  methyl d e r i v a t i v e  ( 2 4 8 )  
being the  predominant species .  This is  a l s o  the case  i n  the  hexahydroanthracene 
s e r i e s ,  and the  hydroxy and dihydroxybenzene s e r i e s ,  but the dihydronaphthalene 
s e r i e s  peaks a t  the 2-methyl de r iva t ive  ( 1 5 8 ) .  This predominance of the methyl 
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d e r i v a t i v e s  may r e f l e c t  t h e  thermal d i s s o c i a t i o n  of a l i p h a t i c  bonds between 
condensed naphthenoaromatic s t r u c t u r e s  ( 1 4 ) .  

The pyro lys i s  of o the r  geopolymers i s  shown i n  Fig. 8. Utah t a r  sands a r e  bitumen- 
impregnated rocks and no t  s t r i c t l y  geopolymers, but thermal recovery is a promising 
method of processing t a r  sands to  recover l i g h t e r  products ( 1 5 )  and so t a r  sands a re  
discussed he re .  The py ro lys i s  cf Vtah c a r  sand is shown i n  Fig. 8 and although it 
appears s impler  than the  spec t r a  f o r  coal ,  t h e  p a t t e r n s  o r  homologous s e r i e s  a re  not 
as  well  def ined.  An alkene s e r i e s  i s  p resen t  (84 ,  9 8 ,  112,  1 2 6 ) ,  but no s i g n i f i c a n t  
s e r i e s  is present  f o r  the s a t u r a t e d  hydrocarbons. The s e r i e s  82,  96 ,  110,  124 may 
be due t o  t h e  dialkene s e r i e s  a l though some con t r ibu t ion  from methoxyphenol is  a l s o  
poss ib l e .  The high abundance of mass 96 favors  the dialkene i n t e r p r e t a t i o n  s ince  
t h i s  can no t  be due t o  a phenol ic  o r  methoxyphenol r ing  s t r u c t u r e .  

The a l o r a d o  o i l  sha l e  py ro lys i s  spectrum i s  dominated by the l i g h t e r  mater ia ls  
including alkenes (56 ,  70, 84,  9 8 1 ,  dialkenes (68 ,  82, 96, 110, 1 2 4 ) ,  t r i a l k e n e s  
( e o ,  94, 108, 122, 1 3 6 ) ,  and t e t r aa lkenes  (106,  120, 134,  148, 1 6 2 ) .  The s e r i e s  
144, 158, 172, 186 may be due to  dihydronaphthalene.  The s e r i e s  of odd masses (195,  
209, 223, e t c . )  could be due t o  fragment ions of higher-molecular-weight alkenes,  
although no dominant pa ren t  peaks occur a t  higher  molecular weight. 

The pyrolysis  spec t r a  of two pea t  types a r e  shown i n  Fig. 9. Peat #1 is a high-moor 
pea t ,  which i s  der ived p r imar i ly  from mosses (Sphagnum), cot ton g ras s ,  and heath 
p l a n t s  ( 1 6 ) .  The pyro lys i s  products  a r e  predominately carbohydrate i n  nature  with 
only a minor con t r ibu t ion  from l i g n i n .  Despite t h e  predominant masses 144 and 1 6 2  
which a re  a t t r i b u t e d  t o  levoglucosan, t he  higher-molecular-weight range does not 
show the peaks c h a r a c t e r i s t i c  of t h e  dimer spec ie s  ( see  Fig. 3 )  fo r  c e l l u l o s e ,  which 
may be due t o  the heterogenei ty  of t h e  sample compared t o  pure ce l lu lose .  

Peat #2 is a low-moor pea t  (composed of p l a n t s  with a higher  l i gn in  c o n t e n t ) .  m e  
pyrolysis  spectrum r e f l e c t s  the presence of l i gn in  with the methoxyphenol s e r i e s  
(124,  138, 1 5 2 )  presen t .  'Ihe a c t u a l  l i g n i n  monomers ( 1 5 0 ,  180, 2 1 0 )  a r e  not  a s  
predominant a s  i n  f r e sh  biomass ma te r i a l s ,  which may be due to the e f f e c t s  of 
diagenesis  on l i gn in  s t r u c t u r e  ( 1 7 ) .  m e r e  i s  a l s o  a d i s t i n c t  lack of prominent 1 
high-molecular-weight peaks (such a s  mass 272)  i n  t h i s  sample a s  wel l ;  i n s t ead ,  a l l  r 
even masses a r e  p re sen t  i n  rougly equa l  abundance. 

The pyrolysis  spec t r a  of two common p l a s t i c s ,  polystyrene,  and polyethylene,  a r e  
shown i n  Fig. 10.  Both these  polymers show t h e  formation of homologous s e r i e s  of 
products.  The py ro lys i s  of o the r  polymers y i e lds  only the  monomer, such a s  
po ly t e t r a f luo roe thy lene  and poly(methy1 methacrylate) ,  while a t h i r d  group breaks 
down i n t o  complex a r r a y s  of products  such a s  polyvinylchlor ide and polyamide 
(ny lon) .  ?he polystyrene and polyethylene,  however, give t h i s  same repeat ing I 

p a t t e r n  shown i n  Fig. 1 0  t o  molecular weights g r e a t e r  than 1400 amu. 

The dominant peaks i n  t h e  polystyrene spectrum a r e  due t o  t h e  monomer (1041,  dimer 
( 2 0 8 ) ,  ad t r imer  ( 3 1 2 ) .  The o the r  masses r ep resen t  py ro lys i s  products not seen in  
o t h e r  py-ms s y s t e m  ( 1 3 ) .  Mass 116 could be due t o  indene ( f i g .  2, XII), which 
would r equ i r e  cyc l i za t ion  of t h e  a l i p h a t i c  backbone t o  form the  r ing system. The 
peak a t  130 could then be assigned t o  methylindene. Mass 142 could be assigned t o  
methyl-naphthalene, analogously (with s u b s t a n t i a l  rearrangement of the a l i p h a t i c  
c h a i n ) .  I 

There a r e  seve ra l  ion s e r i e s  p re sen t  i n  the polyethylene spectrum: a l k y l  fragment 
ions ( 5 7 ,  71, 85, 9 9 ,  113,  . . .), a lkeny l  fragment ions  ( 5 5 ,  6 9 ,  8 3 ,  9 7 ,  111,  1 2 5 ,  . . .), alkenes ( 1 9 6 ,  210, 224,  238, 252, 266, . . .),  and dialkenes ( 1 9 4 ,  208, 222,  
236, 250, . . .) .  'Ihese products i n d i c a t e  t h a t  random bond cleavage is occur r ing  
followed by hydrogen rearrangement t o  y i e l d  a s a t u r a t e d  end and a n  unsaturated end 
( t h e  a lkenes ) ,  al though the re  i s  a high proport ion of molecules having two 
unsaturated ends ( t h e  d i a lkenes ) .  The e x t e n t  of condensation r eac t ions  is unknown. 
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(XINCIAJSIORS 

Biomass samples give a r e l a t i v e l y  simpler spectrum of products compared t o  the 
product s l a t e  obtained from organic  geochemical samples. In t h e  l a t t e r  ma te r i a l s ,  a 
higher  degree of sample heterogenei ty ,  diagenesis ,  and humificat ion may explain most 
of t he  d i f f e rences .  

Cel lulose Pyrolysis  a t  high temperature i s  dominated by levoglucosan possibly a s  a 
r e s u l t  of t ransglycosylat ion r eac t ions ,  which depend on t h e  hydroxy methyl group f o r  
s t e r i c a l l y  favored a t t ack .  Higher anhydro-polymers may a l s o  be formed by in t e r - r ing  
a t t a c k  by the primary hydroxyl group. A competing mechanism is evident  i n  t h e  
presence of a l k a l i  metal  s a l t s :  bond f i s s i o n  r eac t ions  which y i e ld  carbonyl 
compounds, furans,  and methanol. 

Lignin, although of a more complicated s t r u c t u r e ,  a l s o  y i e lds  r e l a t i v e l y  simple 
primary pyrolysis  products dominated by the  th ree  precursor  monomers t h a t  make up 
t h e  macromolecule, although the con t r ibu t ion  from smaller  f i s s i o n  products is m r e  
s i g n i f i c a n t  than i n  t h e  homogeneous polymer, c e l l u l o s e .  l h e  formation of higher-  
molecular-weight products from l ign in  a l s o  ind ica t e s  the predominance of s p e c i f i c  
r e a r r a n g e m t  r eac t ions  over simple bond f i s s i o n .  An example i s  t h e  predominance of 
t h e  peak a t  mass 272 i n  a l l  t h e  l i gn in  samples inves t iga t ed ,  i r r e s p e c t i v e  of gene t i c  
o r i g i n  o r  method of p repa ra t ion .  

The complexity of the py ro lys i s  spec t r a  of coa l ,  t a r  sands,  o i l  shale ,  and t o  a 
l e s s e r  ex ten t ,  peat  i n d i c a t e s  t he  g rea t e r  importance of l a b i l e  bond f i s s i o n  i n  t h e  
py ro lys i s  of geopolymers. 
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THE PREPARATION A N D  PYROLYSIS OF 0-  A N D  C-BENZYLATED 
I L L I N O I S  NO. 6 C O A L  

G .  2 .  Rose a n d  R.  F.  Z a b r a n s k y  
I n s t i t u t e  o f  Gas T e c h n o l o g y ,  I I T  C e n t e r ,  C h i c a g o ,  I l l i n o i s  60615 

L .  M. S t o c k ,  C .  B. Huang, V .  R.  S r i n i v a s ,  a n d  K. Tse  
D e p t .  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  C h i c a g o ,  C h i c a g o ,  I l l i n o i s  60637 

INTRODUCTION 

R e c e n t  t h o u g h t f u l  r e v i e w s  o f  g a s i f i c a t i o n  r e s e a r c h  h a v e  
s t r e s s e d  t h e  d e f i c i e n c i e s  i n  o u r  k n o w l e d g e  o f  c o a l  p y r o l y s i s  and 
t h e  n e e d  f o r  a g r e a t e r  u n d e r s t a n d i n g  o f  t h e  r e a c t i o n s  r e s p o n s i b l e  
f o r  t h e  d c m p o s i t i o n  o f  c o a l  m o l e c u l e s  a n d  f o r  t h e  f o r m a t i o n  o f  

We h a v e  t a k e n  a new a p p r o a c h  f o r  t h e  s t u d y  o f  t h i s  
i s s u e  b y  t h e  p y r o l y s i s  o f  c o a l s  t h a t  h a v e  b e e n  m o d i f i e d  b y  t h e  
i n t r o d u c t i o n  o f  l a b e l e d  s t r u c t u r a l  f r a g m e n t s .  The l a b e l s  w e r e  
s e l e c t i v e l y  i n t r o d u c e d  i n t o  t h e  s t r u c t u r e s  so  t h a t  t h e  r e a c t i o n s  
o f  t h e  new s t r u c t u r a l  e l e m e n t  c o u l d  b e  r e a d i l y  t r a c e d .  T h i s  
a p p r o a c h  e n a b l e s  t h e  r e a c t i o n  c h e m i s t r y  o f  a v a r i e t y  o f  d i f f e r e n t  
s t r u c t u r a l  e l e m e n t s  t o  b e  i n v e s t i g a t e d  w i t h i n  t h e  e n v i r o n m e n t  o f  
t h e  c o a l  m o l e c u l e s  a n d  o f f e r s  g r e a t  a d v a n t a g e s  f o r  t h e  d e f i n i t i o n  
o f  t h e  c o u r s e  o f  t h e  r e a c t i o n s  i n  t h e  medium, i . e .  c o a l ,  t h a t  i s  
o f  p r i n c i p a l  i n t e r e s t .  

a n d  C - b e n z y l a t i o n  o f  a n  I l l i n o i s  No. 6 c o a l  and t h e  p y r o l y s i s  o f  
t h e s e  m a t e r i a l s  i n  a w i r e  s c r e e n  r e a c t o r .  

T h i s  r e p o r t  c o n c e r n s  t h e  m e t h o d s  u s e d  f o r  t h e  s e l e c t i v e  0 -  

RESULTS AND D1SCUSSIn.N 

I l l i n o i s  No. 6 c o a l  was b e n z y l a t e  u s i n g  t h e  m e t h o d  
d e s c r i b e d  b y '  L i o t t a  a n d  h i s  c 0 w o r k e r s . j  The  e x t e n t  o f  t h e  
a l k y l a t i o n  r e a c t i o n  was c o n t r o l l e d  b y  l i m i t i n g  t h e  q u a n t i t i e s  o f  
base ,  t h e  a l k y l a t i n g  agent lgnd t h e  r e a c t i o n  t i m e .  0 - B e n z y l ,  0 -  
benzy l - c17 ,  a n d  0 - b e n z y l - 1 -  C c o a l  w e r e  p r e p a r e d  u s i n g  t h i s  
m e t h o d .  The  m i c r o a n a l y t i c a l - d a t a  i m p l y  t h a t  t h r e e  b e n z y l  g r o u p s  
were  i n c o r p o r a t e d  p e r  1 0 0  c a r b o n  a t o m s  o f  t h e  c o a l .  The  p r e s e n c e  
o f  t h e  u n r e a c t e d  h y d r o x y l  g r o u p s  ( t w o  t o  t h r e e  f r e e  g r o u p s  p e r  
1 0 0  c a r b o n  a t o m s )  and  o t h e r  s t r u c t u r a l  f e a t u r e s  w e r e  e s t a b l i s h e d  
b y  i n f r a r e d  s p e c t r o s c o p y .  T h e s e  r e s u l t s  a r e  s e m i q u a n t i t a t i v e l y  i n  
a c c o r d  w i t h  t h e  t r a n s f o r m a t i o n  shown i n  e q u a t i o n  ( 1 ) .  

The C - b e n z y l a t i o n  o f  I l l i n o i s  No. 6 c o a l  was c a r r i e d  o u t  i n  
t h r e e  s t e p s .  S e v e r a l  p r o c e d u r e s  w e r e  e v a l u a t e d ,  b u t  t h e  r e a c t i o n  
s e q u e n c e  shown i n  e q u a t i o n s  ( 2 ) - ( 4 )  p r o v e d  t o  b e  m o s t  s u i t a b l e .  
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The c o u r s e  o f  e a c h  r e a c t i o n  was f o l l o w e d  b y  i n f r a r e d  
s p e c t r o s c o p y .  F o r  e x a m p l e ,  O - m e t h y l - $  c o a l  was t r e a t e d  w i t h  
l i t h i u m  i o d i d e  i n  c o l l i d i n e ,  no  c a r b o n - d e u t e r i u m  s t r e t c h i n g  
f r e q u e n c i e s  w e r e  o b s e r v a b l e  i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  , p r o d u c t  and  t h e  a b s o r p t i o n s  o f  t h e  b e n z y l  g r o u p  a p p e a r  i n  t h e  C -  
b e n z y l a t e d  p r o d u c t s ,  6 a n d  C, w h e r e a s  t h e  h y d r o x y l  a b s o r p t i o n  i s  

'I a b s e n t  i n  t h e  i n f r a r e d  s p e c t r a  o f  A and 6 ,  b u t  i s  p r e s e n t  i n  C .  

The pyrolyses w e r e  c a r r i e d  o u t  w i t h o u t  d i f f i c u l t y  i n  a w i r e  
s c r e e n  r e a c t o r .  The mass b a l a n c e s  g e n e r a l l y  e x c e e d e d  97%. A 
h i g h  s e n s i t i v i t y  G C - M S  p r o c e d u r e  was u s e d  f o r  t h e  d e t e r m i n a t i o n  
o f  t h e  i m p o r t a n t  g a s e o u s  r e a c t i o n  p r o d u c t s .  The  r e s u l t s  a r e  
summar i zed  i n  T a b l e  1. 

The c h a r ,  t a r ,  a n d  g a s  y i e l d s  f o r  t h e  p y r o l y s i s  o f  w h o l e  
I l l i n o i s  No. 6 c o a l  o b t a i n e d  i n  t h i  i n v e s t i g a t i o n  a r e  c o m p a r a b l e  
w i t h  t h e  w e l l  known d a t a  o f  S u u b e r g 3  f o r  w h o l e  P i t t s b u r g h  No. 8 
c o a l .  The t w o  c o a l s  p r o v i d e  d i f f e r e n t  a m o u n t s  o f  c h a r  a n d  t a r ,  
b u t  q u i t e  c o m p a r a b l e  q u a n t i t i e s  o f  g a s .  The s i m i l a r i t y  i n  t h e  
t o t a l  q u a n t i t y  o f  t h e  g a s e o u s  p r o d u c t s  i s  a l s o  a p p a r e n t  when t h e  
y i e l d s  o f  m e t h a n e  and  c a r b o n  m o n o x i d e  f r o m  t h e s e  t w o  c o a l s  a r e  
compared ,  F i g u r e  1. T h e s e  f i n d i n g s  s u g g e s t  t h a t  t h e  p a t t e r n s  o f  
r e a c t i v i t y  f o u n d  f o r  t h e  g a s e o u s  p r o d u c t s  o f  t h e  I l l i n o i s  No. 6 
c o a l  a r e  r e p r e s e n t a t i v e  o f  t h e  b e h a v i o r  o f  o t h e r  b i t u m i n o u s  
c o a l s .  

The q u a n t i t i e s  o f  c h a r  f o r m e d  f r o m  t h e  b e n z y l a t e d  c o a l s  a r e  
s i g n i f i c a n t l y  l o w e r  t h a n  t h e  amoun ts  o b t a i n e d  f r o m  t h e  w h o l e  
c o a l s  o r  t h e  r e a c t i o n  b l a n k  a t  t e m p e r a t u r e s  l e s s  t h a n  800°C. On 
t h e  o t h e r  hand ,  m e t h a n e  a n d  c a r b o n  m o n o x i d e  a r e  g e n e r a l l y  
o b t a i n e d  i n  g r e a t e r  q u a n t i t y  f r o m  t h e  a l k y l a t e d  c o a l s  t h a n  f r o m  
t h e  w h o l e  c o a l  o r  t h e  r e a c t i o n  b l a n k .  

The d i s t r i b u t i o n  o f  t h e  d e u t e r i u m  and  1 3 C  l a b e l s  i n  t h e  
g a s e o u s  p r o d u c t s  o b t a i n e d  f r o m  t h e  m o d i f i e d  c o a l s  w e r e  s t u d i e d  t o  
p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  t h e  p r i n c i p a l  r e a c t i o n  
p a t h w a y s .  The y i e l d s  o f  methane  and t h e  d i s t r i b u t i o n  o f  t h e  
l a b e l  w i t h i n  t h e  m e t h a n e  p r o d u c e d  d u r i n g  t h e  p y r o l y s e s  o f  t h e  0 -  
a n d  C - b e n z y l a t e d  c o a l s  a r e  s u m m a r i z e d  i n  T a b l e  2 .  

I 
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The p y r o l y s i s  o f  t h e  e x h a u s t i v e l y  0 - m e t h y l a t e d  c o a l ,  as 
e x p e c t e d ,  p r o v i d e s  much more  me thane  t h a n  t h e  w h o l e  c o a l  o r  t h e  
r e a c t i o n  b l a n k  a t  t h e  same t e m p e r a t u r e .  The e n h a n c e d  y i e l d  o f  
m e t h a n e  c o u l d  b e  a t t r i b u t e d  t o  t h e  low e n e r g y  r e q u i r e m e n t s  f o r  
t h e  c l e a v a g e  o f  t h e  c a r b o n - o x y g e n  b o n d s  i n  t h e  m e t h y l  e s t e r s  and 
m e t h y l  a r y l  e t h e r s .  However ,  t h e  f i n d i n g  t h a t  t h e  y i e l d s  o f  
me thane  a n d  c a r b o n  m o n o x i d e  o b t a i n e d  f r o m  t h e  0- and  C - b e n z y l a t e d  
c o a l s  a r e  a l s o  e n h a n c e d  n e g a t e s  t h i s  s i m p l e  i n t e r p r e t a t i o n .  On ly  
a s m a l l  p o r t i o n  o f  t h e  m e t h a n e  and c a r b o n  m o n o x i d e  a r i s e  f r o m  t h e  
b e n z y l  g r o u p s .  T h u s ,  t h e  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  
s t r u c t u r a l  m o d i f i c a t i o n s  e n h a n c e  t h e  f o r m a t i o n  o f  t h e s e  p r o d u c t s  
i n  i n d i r e c t  ways .  

The  s t r u c t u r a l  m o d i f i c a t i o n s  may i n c r e a s e  t h e  c o n c e n t r a t i o n  
o f  r a d i c a l s  w i t h i n  t h e  c o a l  p a r t i c l e s  b e c a u s e  t h e  bond  
d i s s o c i a t i o n  e n e r g i e s  o f  t h e  n e w l y  fo rmed  c a r b o n - o x y g e n  and  
c a r b o n - c a r b o n  b o n d s  i n  t h e  m o d i f i e d  c o a l s  a r e  l e s s  t h a n  t h e  bond 
d i s s o c i a t i o n  e n e r g i e s  o f  t h e  l i n k a g e s  n a t i v e  t o  t h e  c o a l .  The 
r a d i c a l s  f o r m e d  i n  t h e s e  p r o c e s s e s  may i n i t i a t e  r e a c t i o n  
sequences  t h a t  l e a d  t o  d e c a r b o n y l a t i o n  and  d e m e t h y l a t i o n  v i a  w e l l  
known p r o c e s s e s  s u c h  a s  @ - s c i s s i o n ,  ips0 s u b s t i t u t i o n  and  r a d i c a l  
d i s p l a c e m e n t .  I n  a d d i t i o n ,  t h e  0 - m e t h y l  a n d  0 -  a n d  C - b e n z y l  
g r o u p s  i n  t h e  m o d i f i e d  c o a l s  c o n s i d e r a b l y  i n c r e a s e  t h e  q u a n t i t y  
o f  e f f e c t i v e  h y d r o g e n  a t o m  d o n o r s  w i t h i n  t h e  c o a l  p a r t i c l e s .  
P r o d u c t i v e  a b s t r a c t i o n  r e a c t i o n s  w o u l d  a l s o  e n h a n c e  t h e  
c o n v e r s i o n  o f  t h e  m a c r o m o l e c u l a r  c o a l  m o l e c u l e s  t o  g a s e o u s  
p r o d u c t s .  

b e n z y l - c 7  d e r i v a t i v e s  t h a n  f r o m  t h e  C - b e n z y l - c  d e r i v a t i v e s ,  
T a b l e  2 .  T h i s  o b s e r v a t i o n  s t r o n g l y  s u g g e s t s  t i a t  t h e  m e t h y l  
r a d i c a l s  f o r m e d  i n  t h e  d e c o m p o s i t i o n  r e a c t i o n s  o f  t h e  c o a l  
m o l e c u l e s  a b s t r a c t  h y d r o g e n  ( d e u t e r i u m )  s e l e c t i v e l y  f r o m  t h e  
m e t h y l e n e  f r a g m e n t  o f  t h e  0 - b e n z y l  g r o u p .  Hence, t h e  m e t h y l  
r a d i c a l s  p r o d u c e d  i n  t h e  p y r o l y s e s  e x h i b i t  a r e a s o n a b l e  d e g r e e  o f  
s e l e c t i v i t y  e v e n  a t  t e m p e r a t u r e s  a p p r o a c h i n g  85OOC. 
S i g n i f i c a n t l y  g r e a t e r  q u a n t i t i e s  o f  m e t h a n e - d  
a r e  f o r m e d  d u r i n g  t h e  p y r o l y s i s  o f  t h e  l a b e l d  0 - b e n z y l a t e d  c o a l s  
t h a n  f r o m  t h e  c o r r e s p o n d i n g  C - b e n z y l a t e d  c o a l s .  A l t h o u g h  a 
p o r t i o n  o f  t h e  m e t h a n e - d  m u s t  a r i s e  v i a  t h e  e x c h a n g e  r e a c t i o n s  
o f  me thane-d ,  t h e  f a c t  & a t  a l a r g e r  q u a n t i t y  o f  m e t h a n e - d  i s  
f o r m e d  f r o m  t h e  0 - b e n ~ y l - L ~  c o a l  s u g g e s t s  t h a t  t h i s  l a b e l d  
m e t h a n e  i s  a l s o  fo rmed  b y  a r e a c t i o n  s e q u e n c e  u n i q u e  t o  t h e  0-  
b e n z y l a t e d  m a t e r i a l .  One p l a u s i b l e  r e a  t i o n  p a t h w a y  i n v o l v e s  t h e  

S i g n i f i c a n t l y  m o r e  d e u t e r i o m e t h a n e  i s  p r o d u c e d  f r o m  t h e  0-  

and m e t h a n e - 1 3 C  

r e a r r a n g e m e n t  o f  t h e  b e n z y l o x y  r a d i c a l .  E 
D e u t e r i u m  l a b e l e d  e t h e n e ,  p r o p e n e ,  a n d  b u t e n e  a r e  f o r m e d  i n  

r e a d i l y  d e t e c t a b l e  a m o u n t s  d u r i n g  t h e  r a p i d  p y r o l y s e s  o f  t h e  0-  
and  C - b e n z y l - d 7  c o a l s .  S i m i l a r  amoun ts  o f  d e u t e r i u m  a r e  
i n c o r p o r a t e d  i n t o  t h e  e t h e n e  p r o d u c e d  f r o m  e a c h  c o a l .  The m o s t  
p l a u s i b l e  r e a c t i o n  p a t h w a y s  f o r  t h e  f o r m a t i o n  o f  e t h e n e - d  i n v o l v e  
e x c h a n g e  r e a c t i o n s  p r i o r  t o  t h e  f o r m a t i o n  o f  e t h e n e  v i a  
p e r i c y c l i c  p r o c e s s e s  o r  @ - s c i s s i o n  r e a c t i o n s  o r  s u b s e q u e n t  
e x c h a n g e  r e a c t i o n s  v i a  r a p i d  a d d i t i o n - e l i m i n a t i o n  r e a c t i o n s .  
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These  f o r m u l a t i o n s  a l l  r e q u i r e  t h a t  t h e  p r i m a r y  r e a c t i v e  p r o d u c t s  
f o r m e d  i n  t h e  o r i g i n a l  d e c o m p o s i t i o n  r e a c t i o n s  u n d e r g o  s e c o n d a r y  
r e a c t i o n s  w i t h i n  t h e  s m a l l  c o a l  p a r t i c l e s  e v e n  i n  t h i s  r e a c t i o n  
s y s t e m  where  t h e  s e c o n d a r y  r e a c t i o n s  o f  t h e  s t a b l e  r e a c t i o n  
p r o d u c t s  a r e  m i n i m i z e d .  

p r o d u c t i o n  o f  b e n z e n e  and  t o l u e n e .  The r e s u l t s  s u m m a r i z e d  i n  
T a b l e  3 i n d i c a t e ,  n o t  u n e x p e c t e d l y ,  t h a t  t h e  a r o m a t i c  compounds 
a r e  f o r m e d  more e f f i c i e n t l y  f r o m  t h e  0 - b e n z y l a t e d  c o a l  and  t h a t  
t h e  p r o d u c t s  o f  t h e  p y r o l y s i s  o f  t h e  O - b e n z y l - d 7  c o a l  a r e  
e x t e n s i v e l y  e x c h a n g e d .  The r e s u l t s  c a n  b e  a n a l y z e d  
s e m i q u a n t i t a t i v e l y  u n d e r  t h e  r e a s o n a b l e  a s s u m p t i o n  t h a t  t h e  
h y d r o g e n  a toms o f  t o l u e n e  f o r m e d  i n  t h e  r e a c t i o n  u n d e r g o  e x c h a n g e  
much more  s l o w l y  t h a n  t h e  h y d r o g e n  a t o m s  o f  t h e  0 - b e n z y l  g r o u p  
f r o m  w h i c h  i t  i s  p r o d u c e d .  T h i s  a n a l y s i s  s u g g e s t s  t h a t  a b o u t  4 0 -  
45% o f  t h e  0 - b e n z y l - d 7  and  55 -60% o f  t h e  C - b e n z y l - d 7  g r o u p s  
e x p e r i e n c e  e x c h a n g e  6 e f o r e  u n d e r g o i n g  h o m o l y s i s  t o  y i e l d  t o l u e n e  
a t  t e m p e r a t u r e s  b e t w e e n  6 0 0  a n d  85OoC. The  d i f f e r e n c e  p r e s u m a b l y  
r e f l e c t s  t h e  d i f f e r e n c e s  i n  t h e  r a t e s  o f  t h e  d e c o m p o s i t i o n  ( 0 -  
b e n z y l  > C - b e n z y l )  w h i c h  r e q u i r e s  t h a t  t h e  C - b e n z y l  f r a g m e n t  
r e m a i n  bonded t o  t h e  c o a l  m o l e c u l e  f o r  a l o n g e r  t i m e .  These  
r e s u l t s  a l s o  i m p l y  t h a t  t h e  n o n - v o l a t i l e  c o a l  m a c r o m o l e c u l e s  
u n d e r g o  more c h e m i c a l  r e a c t i o n s  t h a n  t h e  v o l a t i l e  r e a c t i o n  
p r o d u c t s .  The r e s u l t s  a r e  c o m p a t i b l e  w i t h  t h e  i d e a  t h a t  t h e  
r e a c t i v e  r a d i c a l s  a r e  more  a b u n d a n t  i n  t h e  p l a s t i c  p h a s e  t h a n  i n  
t h e  r a p i d l y  c o o l e d  v a p o r .  

The b e n z y l a t i o n  o f  t h e  I l l i n o i s  No. 6 c o a l  e n h a n c e s  t h e  

CONCLUSIONS 

S e v e r a l  c o n c l u s i o n s  emerge  f r o m  t h e  r e s u l t s  d i s c u s s e d  i n  t h e  
p r e v i o u s  p a r a g r a p h s  a n d  f r o m  o t h e r  i n f o r m a t i o n  o b t a i n e d  i n  t h e  
c o u r s e  o f  t h e  s t u d y .  F i r s t ,  t h e  m o d i f i e d  c o a l s  a r e  g e n e r a l l y  
more  r e a c t i v e  t h a n  t h e  u n m o d i f i e d  s t a r t i n g  m a t e r i a l s .  T h i s  
e n h a n c e d  r e a c t i v i t y  i s  p a r t i c u l a r l y  e v i d e n t  i n  t h e  i n c r e a s e d  
y i e l d s  o f  c a r b o n  m o n o x i d e  and  me thane  f r o m  t h e  0 - b e n z y l a t e d  
c o a l s .  The enhancement  o f  t h e  p r o d u c t i o n  o f  c a r b o n  m o n o x i d e  
s u g g e s t s  t h a t  t h e  i n c r e a s e d  r a d i c a l  d e n s i t y  r e s u l t i n g  f r o m  t h e  
m o d i f i c a t i o n  o f  t h e  c o a l  p r o m o t e s  o t h e r  s e c o n d a r y  r a d i c a l  
r e a c t i o n s ,  p o s s i b l y  c h a i n  p r o c e s s e s ,  t h a t  l e a d  t o  d e m e t h y l a t i o n  
and  d e c a r b o n y l a t i o n .  Hence ,  t h e  r e s u l t s  s t r o n g l y  i n f e r  t h a t  t h e  
e x t e n t  o f  s m a l l  f r a g m e n t  m o l e c u l e  f o r m a t i o n  d e p e n d s  i n  a d i r e c t  
way upon  t h e  c o n c e n t r a t i o n  o f  r a d i c a l s  w i t h i n  t h e  c o a l  p a r t i c l e s .  
The enhancement  o f  t h e  p r o d u c t i o n  o f  me thane ,  o n  t h e  o t h e r  hand ,  
may b e  a t t r i b u t e d  t o  t h e  i n c r e a s e d  c o n c e n t r a t i o n  o f  e f f e c t i v e  
h y d r o g e n  d o n o r  g r o u p s  w h i c h  t e r m i n a t e  u n d e s i r a b l e  c h a r - f o r m i n g  
r e a c t i o n s .  Second,  t h e  e x c h a n g e  p a t t e r n s  s t r o n g l y  s u g g e s t  t h a t  
t h e  e n e r g e t i c a l l y  more  f a v o r a b l e  r e a c t i o n s  o c c u r  r e v e r s i b l y  and 
t h a t  r a d i c a l  a d d i t i o n  and  r e c o m b i n a t i o n  r e a c t i o n s  c o m p e t e  
f a v o r a b l y  w i t h  f r a g m e n t a t i o n  and r a d i c a l  s u b s t i t u t i o n  r e a c t i o n s .  
T h i r d ,  t h e  n o n - r a n d o m  d i s t r i b u t i o n  o f  t h e  i s o t o p i c  l a b e l s  i n  t h e  
p r o d u c t s ,  f o r  e x a m p l e ,  t h e  s e l e c t i v e  a b s t r a c t i o n  o f  h y d r o g e n  f r o m  
t h e  b e n z y l i c  e t h e r ,  i n d i c a t e s  t h a t  t h e  r e a c t i o n s  u n d e r w a y  w i t h i n  
t h e  c o a l  p a r t i c l e  a r e  k i n e t i c a l l y - c o n t r o l l e d  r a t h e r  t h a n  
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e q u i l i b r i u m - c o n t r o l  l e d  p r o c e s s e s  e v e n  a t  t e m p e r a t u r e  n e a r  85OoC. 
F o u r t h ,  t h e  d i s t r i b u t i o n  o f  t h e  l a b e l s  i n  t h e  w a t e r  and  e t h e n e  
r e v e a l  t h a t  n o n - r a d i c a l  p r o c e s s e s  c o n t r i b u t e  s i g n i f i c a n t l y .  
Thus ,  t h e o r i e s  o f  p y r o l y s i s  t h a t  a r e  b a s e d  e x c l u s i v e l y  on r a d i c a l  
p r o c e s s e s  m a y  b e  s e r i o u s : y  m i s l e a d i n g .  
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Figure 1 .  The y ie lds  of carbon monoxide and methane in the 

Pittsburgh No. 8 coal ,  sol id  squares. 
pyrolysis o f  whole I l l i n o i s  No. 6 coal ,  open squares, and whole 

The data f o r  the Pittsburgh 
coal were obtained by E .  M. Suuberg, re f .  4. 
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Final temperature. O C  598 619 723 
Coal w t . ,  mg. 11.4 14.3 7.6 
Char, I o f  coa! 78.1 70.6 59.2 
Tar, I of coal 13.2 12.6 32.9 
Gas. 9: o f  coal 5.9 4.2 5.4 

Gas yields. wt. X o f  coal 

co 1.2 
1.5 
3.5 
0.1 

0.009 
0.05 

CH4 0.2 

c02 
H2° 

‘ZH4 0.1 
‘ZH6 

‘SH6 
c7H8 

0.8 
1.1 
0.08 
2.0 
0.07 
0.04 
0.001 
0.001 

0.8 
1 .o 
1.4 
1.3 
0.3 
0.3 
0.001 
0.005 

Final temperature. O C  

Coal wt., mg. 
Char, X of coal 
Tar. X o f  coal 
Gas. X of coal 

Gas yields, ut. X o f  coal 

co 

H-0 

CH4 

co2 
L 

‘ZH6 
‘ZH4 
‘bH6 
c7H8 

634 718 
9.6 6.9 
72.9 56.5 
9.4 20.3 - . .~ 
5 .O 7.9 

0.2 0.9 
0.8 1.4 
1 .o 3.0 
I .5 0.8 
0.4 0.3 
0.2 0.5 
0.006 0;002 
0.01 0.0008 

834 
7.4 
51.4 
21.6 
18.4 

2.4 
3.7 
3.7 
4.4 
0.7 
1.5 
0.004 
0.008 

76 1 92 1 
12.4 5.3 
56.5 55.8 
33.1 33.7 
9.6 10.5 

0.9 
1.4 
0.59 
6.2 
0.1 
0.2 
0.00 
0.008 

--O-blethyl-- 

550 M8 
6.5 6.4 

27.7 23.4 
9.2 12.5 

60.6 54.7 

1.8 3.4 
1.1 3.3 
1.6 1.6 
3.6 2.5 
0.2 0.3 
0.3 0.7 
0.01 0.01 
0.04 0.02 

1057 
9.5 
50.5 
35.8 
12.6 

2.2 
5.2 
1.2 
3.0 
0.2 
0.4 
0.02 
0.04 
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Table 1 .  A summary o f  the resu l t s  f o r  the  pyrolysis o f  
I l l i n o i s  No. 6 coal and i t s  alkylated der ivat ives .  

Coal type 

Final temperature, O C  

Coal wt., mg. 
Char ,  % o f  coal 
Tar, I of coal 
Gas. X of coal 

Gas yields, vt. X of  coal 

CHA 

-0-Benzyl- 

532 724 
13.3 13.4 
60.9 53.7 
15.8 23.9 
7.8 17.2 

-0-Benzyl -3 
617 

13.6 
57.4 
25.0 
11.8 

745 
10.7 
51.4 
28.0 

9.7 

508 

0.4 2.3 
0.7 4.4 
3.6 4.6 
2.1 2.7 
0.2 0.7 
0.1 0.7 
0.03 0.1 
0.2 1.1 

0.4 
1 .o 
3.7 
3.4 
0.2 
0.3 
0.3 
0.1 

1 .o 
0.6 
1 .o 
6.5 
0.2 
0.07 
0.2 
1.4 

1.8 
3.1 
1.7 
0.7 
0.3 
0.6 
0.05 
0.3 

co . 
co2 
H20 

‘2”s 
C2H4 
‘gH6 
‘8% 

\ Coal type - 0 - ~ e n W i - l - ~ ~ ~ -  

Final temperature, “C &IO 865 
Coal wt., mg. 3.7 3.2 
Char, I o f  coal 51.4 50.0 
Tar, X of coal 29.7 28.1 
Gas. X of coal 14.1 17.6 

Gas yields ,  Vt. 2 of coal 

C-Benzyl -p13~ 
750 

7.5 
52 .O 
24.0 
22.7 

-C-Benzyl-d7 

61 1 854 
9.8 8.7 

67.4 51.7 
18.4 24.1 
8.9 17.2 

CH4 1.6 2.6 0.8 2.1 
0.6 3.3 
0.9 2.4 
5.9 8.9 
0.1 0.04 
0.1 0.1 
0.04 0.003 
0.2 0.01 

3.9 
3.0 
0.7 

11.1 
1 .o 
0.9 
0.01 
0.05 

2.5 7.1 
3.0 2.4 

co 
c02 

! 
6.2 4.0 
0.1 0.3 
0.2 0.4 
0.07 0.06 
0.1 0.2 

I 
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I 

Table 2. The yields and isotopic composition of the methane produced in the I 

pyrolyses of the benzylated coals. 

.Modified Coal Temperature Methane ( % I  
13 a 

Yield CH4 CH3D CH2D2 cH4 
("C) 

O-Benzyl-i7 61 7 1 .o 70 25 5 - r 

0-Benzyl -C7 745 1.8 64 30 6 - I ,  

C-Benzyl -c17 61 1 0.8 90 10 BDL - 
C-Benzyl-c17 845 2.1 86 14 BDL - 
0-Benzyl -1- C I 828 1 .o - - - 1.8 13 

0-Benzyl -1-"5 840 1.6 - - - 1.3 
I '  

86 5 2.6 - - - 3.1 13 0-Benzyl -1- C 
C-Ben~yl-L-~~5 758 3.9 - - BDL 

f 
aThe amount of this product in excess of natural abundance is reported 
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\ 

Table 3. The composition o f  the benzene and toluene produced in the pyrolysis 
of the modified coals. 

0- Ben z y 1 -cJ7 C-Benzyl-c17 
A t  61 7°C At 745°C At 611°C At 845°C 

Total Yield (Weight % o f  coal sample) 
Benzene 0.2 0.05 
To 1 uene 1.4 0.3 

Isotopic Composition (mole %) 

‘gH6 8 10 

‘gHZD4 14 17 

‘gHD5 70 56 

‘sD6 8 8 

c7H8 BDL BDL 

C7H3D5 18 11 

C7H2D6 25 25 

C7”D7 54 52 

C7D8 3 4 

0.04 
0.2 

82 

1 

15 

BDL 

5 

17 

17 

37 

BDL 

0.003 
0.01 

40 

11 

37 

BDL 

16 

26 

20 

35 

BDL 
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CHEMICAL FUNDAMENTALS OF COAL CHAR 
FORMATION 

S .  E. S te in ,  R. L.  Brown, L. L. G r i f f i t h ,  and M. Manka 

Chemical K i n e t i c s  D i v i s i o n ,  The Nat iona l  Bureau o f  Standards 
Washington, DC 20234 

Recent r e s u l t s  and c u r r e n t  d i r e c t i o n s  of our program aimed a t  
e l u c i d a t i n g  fundaments1 chemical f ea tu res  o f  ca rbon iza t i on  processes w i l l  
be discussed. Th is  program i s  d i v i d e d  i n t o  th ree  r e l a t e d  components: 
(1 )  elementary r a t e  cons tan t  de termina t ions ;  (2 )  mechanist ic s tud ies  
o f  po lyaromat ic  p y r o l y s i s  and; (3 )  t h e o r e t i c a l  s tud ies  o f  ve ry  l a rge ,  
highly-condensed po lyaromat ic  molecules. 
bel  ow. 

(1  ) 

r a t e  cons tan t  est imates.  
concern i n  thermal aromat ic chemis t ry  may be es t imated w i t h  reasonable 
accuracy [l], several  se r ious  problem areas e x i s t .  Our r a t e  cons tan t  
measurements a r e  devoted t o  such areas. 

Each o f  these areas a re  discussed 

Elementary Rate Constant Determinat ion  

Analyses o f  complex r e a c t i o n  mechanisms genera l l y  r e q u i r e  numerous 
Whi le r a t e  cons tan ts  f o r  many reac t i ons  o f  

We have completed a s tudy  o f  r e l a t i v e  r a t e s  o f  r a d i c a l - r a d i c a l  
d i s p r o p o r t i o n a t i o n  and recombinat ion,  kd/kr, f o r  reac t i ons  i n v o l v i n g  
hydroaromat ic r a d i c a l s ,  MH, 

t MH-R kr 

These r a t i o s  were der ived  from produc t  concent ra t ions  i n  experiments 
where a f r e e - r a d i c a l  i n i t i a t o r  ( d i - t e r t - b u t y l  perox ide)  was decomposed 
a t  150°C i n  t h e  presence o f  MH2 and RH molecules.  

Resul ts of these s tud ies  a re  shown i n  F igure  1 where they  a re  
p l o t t e d  aga ins t  d i s p r o p o r t i o n a t i o n  enthalpy,  AH . 
a r e  known t o  be r e l a t i v e l y  independent o f  reactqon thermochemistry. 
P a r t i c u l a r l y  noteworthy i s  t h e  f i n d i n g  t h a t  r a d i c a l s  I are  much more 
prone t o  d i s p r o p o r t i o n a t i o n  than a r e  r a d i c a l s  I1  

Recombination r a t e  cons tan ts  
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r 

I 
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The Overal l  c o r r e l a t i o n  between AH and k / k  i s  o n l y  f a i r  ( c o r r e l a t i o n  
c o e f f i c i e n t  = 0.7), b u t  i s  apparent ly  r d a l  andrmidht be s u b s t a n t i a l l y  
improved when more accura te  bond s t reng th  da ta  a r e  a v a i l a b l e .  
based on known a c t i v a t i o n  energies f o r  re1 a ted  H-atom a b s t r a c t i o n  r e a c t i o n s  
[Z], i t  would be s u r p r i s i n g  i f  such a dependence d i d  no t  occur a t  low 
enough exo the rm ic i t i es .  The above c o r r e l a t i o n  does n o t  h o l d  f o r  r e a c t i o n s  
of  non-aromatic r a d i c a l s  [3]; t h i s  i s  presumably a r e s u l t  of  t h e  a e n e r a l l y  
h ighe r  exo the rm ic i t y  f o r  these r e a c t  ions .  

These r e s u l t s  suggest t h a t  t h e  h i g h l y - s t a b i l  i zed  r a d i c a l s  de tec ted  
i n  coa l  reac t i ons  by ESR [4] may be i n e f f e c t i v e  H- t rans fe r  agents s ince  
t h e  o n l y  thermodynamically f e a s i b l e  H- t rans fe r  pa th  open t o  these r a d i c a l s  
i nvo l ves  d i s p r o p o r t i o n a t i o n  [ l c ] .  

i t  was found t h a t  s t e r i c  e f f e c t s  can have a profound in f l uence  on 
r a d i c a l  r e a c t i v i t y .  For ins tance a t  300'C H- t rans fe r  t o  diphenylmethyl  
rad i ca l s ,  + CH, f rom the  s te r i ca l l y - c rowded  molecule 1,1,2,2-tetraphenylethane, + C H C H ~ J ~ ,  o?curred o n l y  1/400 as f a s t  as t r a n s f e r  f rom t e t r a l i n .  
a6other s e r i e s  o f  experiments i t  was found t h a t  a t  275OC, homolysis o f  
1,1 ,z,Z-tetraphenylethane and 9 ,9 ' -b i f l uo rene  ( & ) occurred > 100 

t imes f a s t e r  than p red ic ted  i n  the  absence o f  s t r a i n  due, presumably, t o  
r e l i e f  o f  s t e r i c  crowding du r ing  bond breaking. Because o f  t h e  l a r g e  
s i zes  of molecules and r a d i c a l s  i nvo l ved  i n  ca rbon iza t i on  processes, 
such s t e r i c  e f f e c t s  may be major f a c t o r s  c o n t r o l l i n g  these reac t i ons .  

Moreover, 

I n  a s e r i e s  o f  experiments i n v o l v i n g  polyaromat ic f r e e  r a d i c a l s  

I n  

( 2 )  Mechanist ic Studies of Polyaromat ic P y r o l y s i s  

React ion mechanisms invo lved i n  the  i n i t i a l  stages o f  ca rbon iza t i on  
a r e  being i n v e s t i g a t e d  i n  model systems. 
l iqu id -phase p y r o l y s i s  of  anthracene and phenanthrene. 
t h a t  mechanisms o f  p y r o l y s i s  o f  these two seemingly r e l a t e d  substances 
a re  e n t i r e l y  d i f f e r e n t .  

s to i ch iomet ry  a t  low ex ten ts  o f  r e a c t i o n  was, 

S tud ies  have focused on t h e  
We have found 

I n  t h e  p y r o l y s i s  o f  neat  anthracene, An, a t  350-470°C, the  observed 

3 -  + +  + 0.85 t OTHER DIMERS 

Product ion o f  anthracene dimers fo l lowed t h e  r a t e  expression ( i n  moles 1-1 s - l ) ,  

a = l o 8 * '  expI-Z2900/T(K)} [An12 d t  

Anthracene-solvent adducts were formed r e a d i l y  even i n  r e l a t i v e l y  i n e r t  
"so lvents"  such as b ipheny l .  
r a t e  cons tan t  w i t h i n  a fac to r  of two o f  t h a t  f o r  anthracene dimer format ion.  

These adducts were genera l l y  formed w i t h  a 
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Rates of these reactions were only s l igh t ly  affected by addition of 
radical-forming agents such as 9,lO-dihydroanthracene. 
phase, four dimers were formed a t  comparable rates and  kinetics followed 
a more complex rate  law. 

The overall kinetics for  the condensed-phase reaction i s  consistent 
w i t h  the  following mechanism, 

I n  the gas 

where ArH may be any aromatic molecule (including anthracene i t s e l f ) .  
Our working hypothesis i s  t h a t  the species 
a highly reactive, charge-transfer-like intermediate. 
very unexpected on  the basis of known mechanisms for  gas-phase pyrolysis 
and d i f fe rs  substantially from a mechanism proposed by one of us using 
free-radical reaction rate arguments [5]. 

displays different  kinet ics .  
a t  400"-500"C dimers are  formed according t o  the following (preliminary) 
pseudo-first-order r a t e  expression, 108*6 e~p(-25500/T)s-~ .  The rate  i s  
accelerated by free-radical generating additives (9,1O-dihydrophenanthrene, 
fo r  instance), the mechanism i s  very unselective (eight dimers of comparable 
amounts a re  formed), and gas- and condensed-phase product dis t r ibut ions 
a re  similar. The reaction appears t o  proceed via an aryl f ree  radical- 
chain mechanism, 

i s  
This mechanism was 

Phenanthrene thermolyzes much more slowly t h a n  does anthracene and 
A t  low extents of reactions in pure phenanthrene, 

Steps -a and  3 may involve free H-atom intermediates. 

We presume t h a t  the primary fac tor  causing the difference in mechanism 
between anthracene and phenanthrene i s  the presence of much more accessible 
(lower energy) "excited s ta te?"  i n  anthracene. 
for instance, i s  20 kcal mol- lower fo r  anthracene t h a n  phenanthrene. 

The t r i p l e t  s t a t e  energy, 
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Based on several preliminary studies of other model pyrolytic 
systems, the above aryl chain mechanism seems to be rather typical.  
may also explain the gas-phase anthracene resul ts .  
more closely related to  the one proposed for  anthracene may become 
increasingly important as reacting molecules grow in s ize  during carbonization 
and more accessible "excited s ta tes"  become available.  

I t  
However, mechanisms 

(3)  Theory of Very Large Aromatic Molecules 

I n  order t o  analyze reactions occurring i n  the l a t e  stages of 
carbonization, i t  i s  necessary to  deal with very large,  highly aromatic 
molecules. Since these molecules are too large t o  study experimentally, 
we are  developing a theoretical  approach intended t o  allow extrapolation 
of known react ivi ty  properties of small molecules to these large structures.  

I n  order t o  t r e a t  very large molecules, we are  forced t o  use very 
simple theories [6]. 
containing as many as 3300 carbon atoms. 
structure-resonance theory (SRT) [7] and Huckel Molecular Orbital Theory 
( H M O )  [8]. 
regarded as good predictors of chemical properties f o r  benzenoid polyaromatic 
molecules, the type of primary concern in carbonization. 

molecules containing a single edge type. 
ser ies  are  given in Figure 2.  Thermodynamic s t a b i l i t i e s  o f  four ser ies  
were determined by SRT and resul ts  are  shown in Figure 3. 

are i l lustrated i n  Figure 4 for  a member of the most s table  and leas t  
stable ser ies .  The area of each c i r c l e  in t h i s  f igure represents the 
energy required t o  f ix  a IT-electron a t  the carbon atom represented by 
the c i rc le .  These energies are  generally considered t o  be proportional 
to  activation energies for  reaction [8]. 

Hiickel MO theory i s  used to obtain electronic energy levels .  The 
upper third of the occupied energy levels  f o r  se r ies  A and B a re  shown 
in Figure 5 .  These levels ,  particularly the highest one for  each 
molecule, contain the electrons tha t  a re  involved in chemical reactions. 

t o  examine reactions a t  edges of very large polyaromatic molecules. 
We are  currently applying more accurate theories and introducing other 
chemical features ( s t r a i n  energy, for instance) with the ultimate aim o f  
deducing chemical reaction mechanisms. 

Using a HP-1000 computer, we have examined molecules 
The theories used a re  Herndon's 

Despite t h e i r  simplicity, these theories are  generally 

Our present work focuses on properties of hexagonal ly-symmetric 
I n i t i a l  members of two o f  these 

Reactivity indicies derived from perturbational HMO theory [SI 

These calculations establ ish a logical framework which may be used 
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F igu re  1.  P l o t  o f  Measured k / k  per  T rans fe r rab le  H-atom v s .  AH f o r  
D ispropor t ionat ion :  dAH est imates  were made us ing  data discussed 
i n  re fe rence IC and recen t  da ta  g i ven  i n  D. F. McMil len and 
D. M. Golden i n  Ann. Revs. P&. *., Ann. Rev. Inc . ,  Menlo 
Park, 1982. 
I l l u s t r a t i o n s  o f  F i r s t  Few Members o f  Ser ies  A and 6. 

I #  Kekul6 s t ruc tu res ) )  Versus n8- l12 (n8 = no. 8 -e lec t rons ) .  

Note t h a t  ln(KSPE) i s  p r o p o r t i o n a l  t o  t h e  resonance energy per 

e l e c t r o n  [7] and nr112 i s  (nea r l y )  p ropor t i ona l  t o  t h e  number 

F igu re  2. 
F igu re  3.  Log o f  Kekule S t ruc tu res  per n - e l e c t r o n  (KSPE z nn-' I n  I 

o f  edge C-atoms. 

Three d i f f e r e n t  "corner "  t ypes  a re  g i ven  f o r  se r ies  C. 

Se r ies  C and D have edges 
o Q . 0 0 0  0 0 0 U  

F igu re  4. 

F igu re  5. 
E lec t ron  L o c a l i z a t i o n  Energies f o r  a Member o f  Ser ies A(a) and B(b) .  

Upper T h i r d  of HMO Energy Leve ls  f o r  Se r ies  A (upper)  and B(1ower). 
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The va r ious  experiments i n  t h i s  s tudy  a r e  performed wi th  t h e  ob jec t ive  
of b e t t e r  understanding t h e  i n i t i a l  r e a c t i o n  s t e p s  i n  coa l  g a s i f i c a t i o n .  
Emphasis i s  placed on c l a r i f y i n g  and understanding t h e  s t r u c t u r e  of coa l  
and i t s  t a r s  through pyro lys i s  s t u d i e s  designed t o  enhance format ion  of 
r eac t ive  gas phase in t e rmed ia t e  spec ies .  Our main concern i s  centered  on 
t h e  cha rac t e r i za t ion  of unknown in te rmedia tes  and b e t t e r  understanding t h e  
mechanism of t a r  formation. The experiments a r e  designed such t h a t  
r eac t ive  gas phase in te rmedia tes  can e x i t  t h e  r e a c t i o n  zone r a p i d l y  and be 
trapped with i n e r t  ma t r ix  gas on a co ld  (12'K) mat r ix  su r face .  
I d e n t i f i c a t i o n  of t hese  spec ie s  and poss ib ly  f r e e  r a d i c a l s  a r e  performed i n  
a newly df f jgned  Rice Un ive r s i ty  mul t i su r f ace  ma t r ix  i s o l a t i o n  FTIR-MS 
appara tus  . 
i%wL&ww 

The Rice  Univers i ty  mul t i su r f ace  mat r ix  i s o l a t i o n  FTIR-MS appara tus  
was used i n  the  slow pyro lys i s  s t u d i e s  of I l l i n o i s  #6 and f l a s h  py ro lys i s  
of i t s  t a r s .  The mul t i su r f ace  MI-FTIR appara tus  possesses  a l a r g e  number 
(60) of depos i t i on  su r faces  which a r e  use fu l  f o r  py ro lys i s  s t u d i e s  over  a 
wide range of temperatures.  
i n  de t ec t ing  small changes occur ing  a s  a r e s u l t  of v a r i a t i o n s  i n  r e a c t i o n  
temperature or o t h e r  r e a c t o r  condi t ions .  The system i s  in t eg ra t ed  t o  a 
high r e so lu t ion  Four i e r  transform i. r. spectrometer covering a s p e c t r a l  
range from t h e  f a r  i. r. t o  t h e  near  i. r. A d e t a i l e d  schematic diagram of 
the  MI-FTIR appara tus  i s  shown i n  Figures l a  and lb .  

The r e a c t o r  used i n  our slow pyro lys i s  experiments i s  shown i n  F igure  
2. It c o n s i s t s  of a water cooled r a d i a t i o n  sh ie ld ;  a ho t  furnace  
r e s i s t i v e l y  hea ted  through a c y l i n d r i c a l l y  shaped t h i n  tantalum f o i l  (.001 
inches)  which has been spo t  wielded t o  an o u t e r  cy l inde r  of a t h i c k e r  
tantalum tube (.020 inches ) ;  F ine ly  d iv ided  
powders of coa l ,  between 20-100 mg. of 1500 mesh p a r t i c l e  s i z e ,  a r e  p lace  
i n t o  t h e  g r a p h i t e  c e l l  i n s i d e  the  r eac to r .  
slowly hea ted  from room temperature t o  approximately 145OOC. The gaseous 
py ro lys i s  products a r e  then  immediately d i r e c t e d  over  t h e  very  co ld  
depos t ion  su r face  (12'K) which quenches r e a c t i o n s  and t r a p s  t h e  spec ie s  i n  
an  i n e r t  ma t r ix  gas of e i t h e r  argon o r  n i t rogen .  
su r f ace  is used f o r  each 60-1OO0C increment r ise  i n  temperature over a 10 
minute t r app ing  period. The f rozen  t r a n s i e n t  products  a r e  l a t e r  analyzed 
o f f - l i ne  wi th  the  FTIR spectrometer.  

F igure  3 p resen t s  t h e  r e a c t o r  used i n  the  f l a s h  py ro lys i s  s t u d i e s  of 
coa l  t a r .  

This  l a r g e  number of su r faces  i s  very  va luable  

and a g raph i t e  sample c e l l .  

Af t e r  evacuat ion ,  t h e  sample i s  

I n  gene ra l ,  one depos t ion  

The r e a c t o r  i s  e s s e n t i a l l y  t h e  same as descr ibed  f o r  t h e  slow 
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pyro lys i s  s t u d i e s  with t h e  exception of t he  sample C e l l .  Since t a r  evolves 
a t  r e l a t i v e l y  low temperatures (-100-3OO0C), i t  became e s s e n t i a l  t o  
main ta in  t h e  coa l  w i th in  t h i s  low temperature range t o  ensure genera t ion  of 
t a r .  
py ro lys i s  t o  occur. 
of a copper sample c e l i  cooled by flowing e i t h e r  n i t rogen  o r  helium gas 
through smal l  s t a i n l e s s  s t e e l  tub ing  (1/16") s i l v e r  so ldered  t o  the  back of 
t h e  copper c e l l  ( s e e  d e t a i l s  i n  Figure 3 ) .  
i s  a t t ached  t o  t h e  f r o n t  of the  copper c e l l .  This  i s  t h e  hot  r e a c t o r  zone 
where the  f l a s h  py ro lys i s  occurs.  
fu rnace ,  t h e  r e l a t i v e l y  non-conducting qua r t z  tube  becomes pos i t ioned  a t  
t he  f r o n t  of t he  furnace ,  i n  the  hot  zone, and the  copper c e l l  conta in ing  
the  coa l  sample becomes pos i t i oned  a t  t h e  r e l a t i v e l y  cool  back s e c t i o n  of 
the  furnace.  By vary ing  t h e  flow of the  cool ing  gas from 30 t o  0 p s i ,  t h e  
temperature of t he  copper c e l l  can be successfu l18  maintained i n  the  t a r  
evolu t ion  range (between room temperature t o  -321 C) when the  temperature 
of t h e  qua r t z  tube reaches  *1180°C. Under these  cond i t ions ,  evo lu t ion  of 
t a r  i s  e a s i l y  cont ro l led .  During t h e  experiment, t h e  temperature of t h e  
coa l  powder was c lose ly  monitored wi th  a Chromel-Alumel thermocouple i n  
d i r e c t  contac t  with t h e  copper c e l l .  
pass through t h e  hot qua r t z  t ube  through su r face  hea t ing .  
py ro lys i s  products a r e  t rapped  onto t h e  lZ°K depos i t i on  su r face  along wi th  
the  i n e r t  ma t r ix  gas t o  be analyzed later by FTIR spectroscopy. 

The evolved t a r  should then  pass through a ho t  zone of -12OO0C f o r  
These r e q u r i r m e n t s  have been achieved by the  des ign  

A p iece  of 4 m quar t z  tub ing  

When assembled and placed i n t o  t h e  

Tar molecules a r e  pyrolyzed as they 
The t r a n s i e n t  

liwLui 

1. SLer! PYrolva i s  & $ l l i n o k &  
Slow pyro lys i s  s t u d i e s  are performed as a b a s i s  f o r  

cha rac t e r i z ing  coa l  and f o r  comparison t o  o t h e r  hea t ing  
techniques.  Approximately 28 mg. of I l l i n o i s  #6 ( 4 5 0 0  mesh) coa l  
powder i s  placed i n  t h e  g r a p h i t e  c e l l  ( s e e  F igure  2)  and slowly 
heated. Gaseous products  ob ta ined  a t  d i f f e r e n t  temperatures a r e  
t rapped  i n  10 minute i n t e r v a l s  with n i t rogen  onto  t h e  lZ°K mat r ix  
i s o l a t i o n  su r face  and subsequent ly  examined. 
MI-FTIR s p e c t r a  are presented  i n  F igure  4. Var i a t ions  i n  gaseous 
py ro lys i s  products a r e  e a s i l y  followed i n  t h e  three-dimensional 
p l o t .  A s  can be seen  f rom t h e  p l o t s ,  coa l  d e v o l a t i l i z a t i o n  i s  
cha rac t e r i zed  by: 
w e l l  a s  t r a c  of smal l  c a r b  Is such a s  ace to  
formaldehyde"), formic  acid"' and a c e t i c  acid"' a t  low 
tempera tures ;  
evo lu t ion  of CH , C2H4, CzH6, C H 
C02, CO, HzO, H6li  and CH from b8-85OoC; and h igher  temp 
evolu t ion  of CS2, CO, H28 and CpHz a s  w e l l  a s  n i t r i c  oxide 
o t h e r  a s  y e t  u n i d e n t i f i e d  spec ie s .  The i n t e r e s t i n g  observa t ion  
t h a t  carbon monoixide r eaches  maximum y i e l d  a t  two d i f f e r e n t  
temperatures,  f i r s t  a t  *8OO0C and then  a t  -135OOC i n d i c a t e  two 

The r e s u l t i n g  

t h e  immediate evo lu t ion  of C 0 2 ,  H20 and SO2 a s  

evo lu t ion  of t a r  a t  15O-40O0C wi th  simultaneous 
and COS; coupled evo lu t ion  of 

?sat;;; 
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I 

This  has  a l s o  been d i f f e r e n t  sources of CO i n  t h e  par n 
observed by Soloman and co-workers 

and C H 
Our si?uhies a l s o  i n d i c a t e  the  evo lu t ion  of t a r  a s  d i s c r e t e  
molecules (perhaps i n  t h e  form of f r e e  r a d i c a l s )  which 
re-polymerize t o  g ive  a s t r u c t u r e  s i m i l a r  t o  t h e  pa ren t  coal.  
C h a r a c t e r i s t i c  t a r  absorp t ions  i n  matices-!re broad absorp t ions  i n  
t h e  C-H s t r e t  h ing  r eg ion  of 3100-2800 cm , C-H bend;% region  of 
1500-1400 om-' and C-0 s t r e t c h i n g  r eg ions  of -1100 cm . More 
d e t a i l e d  t a r  spec t r a  and t h e i r  v a r i a t i o n s  wi th  temperature a r e  
shown i n  F igure  5. 

COS a t  low temperatures and CS2 a t  h igher  temperatures.  
H2S and NH3 a r e  a l s o  observed a t  low temperatures.  

765 
Tar formation wi th  simultaneous evo lu t ion  of CH4, C2H4, C2H6 

sugges ts  a l i p h a t i c  l inkage  groups i n  t h e  pa ren t  coal.  

. 

Sul fu r  i n  I l l i n o i s  16 coa l  i s  evolved i n  t h e  form of SO2 and 
Traces of 

2. Pyrolys i s e f L U b & . & i & x  
Pyro lys i s  s t u d i e s  of I l l i n o i s  16 t a r  were c a r r i e d  out t o  g a i n  

a b e t t e r  understanding of i t s  s t r u c t u r e  and of how it d i f f e r s  from 
the  parent  coa l .  Approximately 100 m g .  of I l l i n o i s # 6  powder 
(<500 mesh) i s  placed i n  t h e  copper c e l l  ( s e e  F igure  3 ) .  Af te r  
assembling t h e  r e a c t o r  and a t t a c h i n g  i t  t o  t h e  3 t r i x  i s o l a t i o n  
appara tus ,  t h e  system i s  slowly evacuated t o  10 t o r r .  The f r o n t  
furnace  is then immediately heated t o  and maintained a t  1180°C 
throughout t h e  length  of t he  experiment. A cons tan t  flow of 
helium gas i s  passed through the  s t a i n l e s s  s t e e l  cool ing  tube a t  a 
s t a r t i n g  pressure  of 30 p s i  t o  keep t h e  copper tube a t  a low 
temperature. With gradual ly  decreas ing  helium flow, t h e  
temperature of t he  coa l  can be r a i s e d  slowly t o  induce t a r  
evolu t ion .  
becomes pyrolyzed and gaseous in te rmedia tes  a r e  trapped i n  10 
minute i n t e r v a l s  wi th  n i t rogen  onto  the  12'K depos i t i on  sur face .  
The temperature range s tud ied  was from room temperature t o  321OC. 
The evolu t ion  of t a r  was found t o  be a continuous process  s t a r t i n g  
from 120°C and reaching  maximum y i e l d  between 206-238'C. The 
r e s u l t i n g  MI-FTIR s p e c t r a  of t a r  py ro lys i s  products  a r e  shown i n  
F igure  6. It can be seen c l e a r l y  t h a t  t h e  c h a r a c t e r i s t i c  broad 
t a r  absorp t ions  have disappeared i n d i c a t i n g  py ro lys i s  of t a r .  The 
appearance of s eve ra l  new spec ies  as well a s  increased  absorp t ions  
of s eve ra l  e x i s t i n g  spec ie s  a r e  observed i n  p lace  of tar. 
a r e :  i nc reaeg j  y e i l d s  of CO, C H and C H . appearance of HCN, 
CS2, benzene and t h e  methyl ?a$ical(8?,8&,; approximately t h e  
same y i e l d s  of COP, H20, ab, 
(acetone, a c e t i c  a c i d ,  formaldE&;, formic ac id ) .  Traces of NH3 
and H2S,are a l s o  observed. 
py ro lys i s  products i s  inconclus ive  s ince  C H 2  has t h e  same 
absorp t ions  as  HCN i n  n i t rogen  mat r ices(7 ,3) .  

The t a r  then passes through the  hot  qua r t z  tube,  

They 

SO2, COS and t h e  carbonyls 

The presence of ace ty lene  a s  one of 
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In  summary, py ro lys i s  of I l l i n o i s  16 t a r  was found t o  produce 

s i n c e  py ro lys i s  of othef18j-omatic hydrocarbons a r e  known t o  
produce s i m i l a r  r e s u l t s  . CO, HCN and CS i n d i c a t e  presence of 
oxygen, n i t rogen  and s u l f u r  i n  t a r .  
methyl r a d i c a l s  i n d i c a t e  t h a t  t h e  des ign  of our r e a c t o r  favors  and 
promotes the  format ion  of f r e e  r a d i c a l s  which can r ap id ly  e x i t  the  
r e a c t o r  chamber without secondary r e a c t i o n s  wi th  o t h e r  spec ies .  
By vary ing  t h e  d iameter  of t h e  qua r t z  tube,  we hope t o  f u r t h e r  
enhance t h e  chances of observing o t h e r  f r e e  r a d i c a l s .  

2 F i n a l l y  t h e  formation of 

3 .  U Q K  Ey_Eolys ia QL Qxidized  m& 
E f f e c t s  of ox ida t ion  on I l l i n o i s  16 powder were studied. 

I l l i n o i s  16 powder (<500 mesh) was oxid ized  by hea t ing  the  coa l  i n  
an oven a t  N180°C f o r  4 hours. 
groups i n  the  oxid ized  coa l  was observed along with a reduct ion  i n  
a l i p h a t i c  C-H groups. 
ox id ized  coa l  us ing  t h e  same experimental  procedures a s  described 
f o r  t he  unoxidized c o a l  a r e  shown i n  F igure  7. When compared with r 
r e s u l t s  of t he  unoxidized coa l  (F igu re  4 1 ,  a c l e a r  increase  i n  CO 
abso rp t ion  i s  observed. Oxidation a l s o  appears t o  increase  t h e  
carbon monoxide abso rp t ions  a t  t h e  lower temperatures ( r .  t. t o  
85OoC) while CO a t  h ighe r  temperatures remain unef fec ted .  
Oxida t ion  a l s o  r e t a r d s  format ion  of t a r .  
observed dur ing  slow pyro lys i s  of t h e  oxid ized  sample. 

Formation of carbonyl func t iona l  

R e s u l t s  of slow pyro lys i s  s t u d i e s  of the  

2 

Only t r a c e s  of t a r  a r e  / 

1 

ILLsWmN 

A t  t h e  p re sen t  time our work has shown t h a t  our py ro lys i s  technique 
can be developed a s  a va luab le  t o o l  i n  c h a r a c t e r i z i n g  d i f f e r e n t  ranks of 
coal.  It i s  a l s o  s highly  sophisca ted  t o o l  f o r  i d e n t i f y i n g  unknown 
in te rmedia tes .  
prevented t h e  i d e n t i f i c a t i o n  of a l l  py ro lys i s  in te rmedia tes  and products.  
We w i l l  be making numerous a d d i t i o n s  t o  t h i s  l i b r a r y  i n  t h e  near  fu r tu re .  

As of ye t  our l imi t ed  l i b r a r y  of r e fe rnce  da t a  has - 
We g r a t e f u l l y  acknowledge support  of our work by t h e  Department of 

Energy, Morgantown, West V i rg in i a .  
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PARTICLE SIZE LIMITATIONS DVE TO HEAT 
TRANSFER I N  DETERMINING PYROLYSIS KINETICS 

OF BIOMASS I 

George M. Simmons 

Department o f  Chemical Eng ineer ing  
U n i v e r s j t y  o f  idano 
Moscow, Idaho 83843 

/ 

A s i m p l i f i e d  heat  t r a n s f e r  model i s  analyzed i n  o r d e r  t o  es t ima te  an upper 
bound f o r  biomass p a r t i c l e  s i z e  i n  conduc t ing  exper imenta l  p y r o l y s i s  k ine -  
t i c s .  I n  de te rm in ing  i n t r i n s i c  k i n e t i c  r a t e s ,  i t  i s  d e s i r a b l e  t h a t  t he  
e n t i r e  p a r t i c l e  be a t  r e a c t o r  temperature f o r  t h e  d u r a t i o n  o f  t h e  chemical 
r e a c t i o n ,  
up r a t e s ,  an approximate boundary f o r  p a r t i c l e  s i z e  can be cons t ruc ted  as 
a f u n c t i o n  o f  temperature; above t h i s  boundary, t h e  r e a c t i o n  r a t e  i s  s t r o n g l y  
heat t r a n s f e r  dominated, and below t h e  boundary t h e  r e a c t i o n  r a t e  i s  k i n e t i c -  
a l l y  c o n t r o l l e d .  Us ing  parameters f o r  c e l l u l o r  p y r o l y s i s ,  i t  i s  est imated 
t h a t  a 100 p p a r t i c l e  w i l l  b e  heat  t r a n s f e r  l i m i t e d  due t o  i n t e r n a l  heat 
t r a n s f e r  a t  temperatures above 500°C. 

I n  order  t o  e x p e r i m e n t a l l y  determine k i n e t i c  parameters f o r  p y r o l y s i s  decomposit ion 
o f  biomass m a t e r i a l s ,  i t  i s  t y p i c a l l y  assumed t h a t  t h e  r e a c t i o n s  a re  f i r s t  o rde r  w i t h  2 , 
respec t  to ,mass and t h a t  t h e  s o l i d  m a t e r i a l  i s  a t  u n i f o r m  temperature. 
t i o n  temperature i s  increased, t h e  k i n e t i c  r a t e s  e v e n t u a l l y  become f a s t e r  than t h e  
associated heat  t r a n s f e r  r a t e s  ( i n t e r n a l  and e x t e r n a l ) .  A t  h i g h e r  temperatures, 
t h e  decomposit ion r a t e  becomes hea t  t r a n s f e r  l i m i t e d ,  and any k i n e t i c  i n t e r p r e t a -  
t i o n  must i n c l u d e  a t r a n s p o r t  model o f  t h e  process. S ince t h e  temperature r e g i o n  
ove r  which t h e  t r a n s i t i o n  f rom k i n e t i c  c o n t r o l  t o  heat  t r a n s f e r  c o n t r o l  t akes  p lace  
i s  a s t rong f u n c t i o n  o f  p a r t i c l e  dimension, i t  i s  impor tan t  f o r  t he  k i n e t i c i s t  t o  use 
r e l a t i v e l y  smal l  p a r t i c l e s  i f  t h e  temperature u n i f o r m i t y  assumption i s  made. A 
s i m p l i f i e d  model w i l l  be presented f o r  de te rm in ing  t h e  p a r t i c l e  s i z e  liiiit f o r  t h e  
k i n e t i c  c o n t r o l l e d  regime. 

I n  t h i s  development, severa l  s i m p l i f y i n g  assumptions a re  made i n  o r d e r  t o  achieve 
r e a d i l y  i n t e r p r e t e d  r e s u l t s .  W i t h i n  the  r e g i o n  o f  i n t e r e s t ,  t h a t  i s  t he  t r a n s i t i o n  
from a k i n e t i c  r a t e  c o n t r o l l e d  mechanism t o  t h a t  i n f l u e n c e d  by heat  t r a n s f e r  l i m i t a -  
t i o n s ,  the assumptions a re  reasonable and l e a d  t o  meaningfu l  r e s u l t s .  
t o  quan t i f y  t h e  dimension r e f e r r e d  t o  as " t h e r m a l l y  t h i c k "  and t o  develop an under- 
s tand ing  o f  how t h i s  c h a r a c t e r i s t i c  dimension changes w i t h  temperature. The r a t i o -  
n a l e i s t o  d e f i n e  t h e  r e g i o n  i n  which k i n e t i c  data may be s a f e l y  i n t e r p r e t e d  w i thou t  
t h e  necess i t y  t o  model t h e  hea t  and mass t r a n s f e r  process. 

I n  t h e  l i g h t  of r e c e n t  work by Chan and K r i e g e r  ( l ) ,  i t  i s  c l e a r  t h a t  t r a n s p o r t  
l i m i t a t i o n s  p l a y  an impor tan t  r o l e  i n  govern ing t h e  o v e r a l l  r a t e  o f  s o l i d  deconi- 
p o s i t i o n  f o r  l a r g e  p a r t i c l e s .  Severa l  d e t a i l e d  and w e l l  developed s o l u t i o n s  a re  
a v a i l a b l e  ( 2 ,  3, 4, 51, however, an i n t e r p r e t a t i o n  o f  what these cons ide ra t i ons  
mean t o  the k i n e t i c i s t  i s  needed. 

By comparing c h a r a c t e r i s t i c  t imes  f o r  r e a c t i o n  r a t e s  versus heat  

As the  reac- 

The goal i s  

Model Development and S o l u t i o n  

The s imp les t  geometry t o  assume i s  t h a t  o f  t h e  s e m i - i n f i n i t e  s l a b  o f  de f i ned  t h i c k -  
ness. 
The s t a r t i n g  energy equa t ion  ( s i m p l i f i e d )  i s  

There i s  a l s o  some p r a c t i c a l  j u s t i f i c a t i o n  as wood ch ips  cou ld  be so descr ibed.  
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PCP 2 = 
2 a~ 

k -  + k   ax^ r x  ‘0 

krx = 1 s t  o r d e r  r a t e  c o n s t a n t  

= heat  o f  r e a c t i o n  

p = p a r t i c l e  d e n s i t y  

The energy t r a n s p o r t  due 
n i z i n g  t h a t  t h e  r e s u l t i n g  s o l u t i o n  w i l l  h o l d  o n l y  f o r  r e l a t i v e l y  s low (compared 
t o  heat  t r a n s f e r )  k i n e t i c  r a t e s .  Since t h i s  i s  t h e  r e g i o n  o f  i n t e r e s t ,  no l o s s  
of i n fo rma t ion  r e s u l t s .  I n  a d d i t i o n ,  recogn iz ing  t h a t  we a r e  c o n s i d e r i n g  cases 
f o r  r e l a t i v e l y  slow k i n e t i c  r e a c t i o n s  o r  f o r  i n i t i a l  r a t e  s t u d i e s ,  i t  i s  a l s o  
assumed t h a t  we have constant  d e n s i t i e s  and cons tan t  phys i ca l  p r o p e r t i e s .  

The r e a c t i o n  r a t e  c o e f f i c i e n t  i s  “exponen t ia l ”  w i t h  temperature,  however a l i n -  
ea r i zed  form expanded about t h e  r e a c t o r  temperature r e s u l t s  i n  s i g n i f i c a n t  s i m p l i -  
f i c a t i o n  and i s  j u s t i f i e d  s i n c e  the  r a t e  drops so r a p i d l y  w i t h  temperature.  It 
a l s o  tu rns  o u t  t h a t  t h e  r e g i o n  o f  pr imary i n t e r e s t  i s  w i t h i n  about 10°C o f  t he  
r e a c t o r  temperature, so t h a t  a l i n e a r i z e d  r a t e  cons tan t  i s  a good approx imat ion:  

o v o l a t i l e  e v o l u t i o n  and d i f f u s i o n  i s  neglec ed, recog- 

ko = r a t e  c o e f f i c i e n t  a t  T, 

I f  we d e f i n e  d imensionless coo rd ina tes  

T = t/(pC,B2/k) 
X c = -  B 

where 28 = p a r t i c l e  t h i c k n e s s  

and a d imensionless temperature 

T- To 
1) = - 

T1 -To 
To = s u r f a c e  temperature 

T1 = i n i t i a l  temperature 

the energy equa t ion  reduces t o  
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The i n i t i a l  condition i s  

$(O) = 1 from T (x ,o)  = T1 
i 

4 )  
I 

i 
and the  boundary conditions used a re  

symnetry about x =O 5) 

i i )  + ( 1 , ~ )  = 0 from T = To a t  x = B 

The second boundary condition assumes tha t  the surface temperature can be speci- 
fied with high external heating fluxes ava i lab le  using f lu id  beds, rad ia t ion ,  or 
other devices. I t  i s  important t o  no te  t h a t  external heat t r ans fe r  i s  a l so  often 
l imiting and tha t  the  estimate t o  be presented here fo r  an upper bound pa r t i c l e  
dimension would need t o  be revised downward in such cases. 

This "init ial-boundary value" problem can be solved ana ly t ica l ly  following the 
development i n  B i r d ,  e t .  a l .  (6) or Carslaw and Jaeger ( 7 ) .  

For endothermic reactions ( A  = negative):  
J 
/ 

6 = +ss + O t  6) 

$ss  = steady s t a t e  so lu t ion  

$ t  = t r ans i en t  so lu t ion  

$ss = t [ 
- l l  

exp ( 6 5 )  + e x p  ( -&c)  
exp 5 + exp - Jay 

Cellulose and  wood pyro lys isare thought  to  be endothermic ( 3 ,  5 ) ,  however fo r  
completeness the solution for exothermic reactions i s  a l so  given: 

0 = $ss  + O t  
7 )  
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- _L- oss = y C O S E T  1 
7b)  

The s o l u t i o n s  presented a re  composed o f  a s teady s t a t e  and a t r a n s i e n t  s o l u t i o n .  
The steady s t a t e  s o l u t i o n  i s  c o r r e c t  ma themat i ca l l y  b u t  does n o t  rep resen t  a t r u e  
steady s t a t e  s o l u t i o n  f o r  r e a l  s i t u a t i o n s ,  w i t h  t ime  v a r y i n g  d e n s i t i e s  and 
phys i ca l  p r o p e r t i e s .  We can neve r the less  develop u s e f u l  i n f o r m a t i o n  f rom t h i s  
s o l u t i o n  i f  we recogn ize  i t s  l i m i t a t i o n s .  F igu re  1 shows t h e  a n a l y t i c a l  s o l u t i o n  
(Equat ion 6 )  f o r  o as a f u n c t i o n  o f  E and T f o r  t y p i c a l  va lues  o f  CI and y. 

Def in ing  t h e  Region Free o f  Heat T rans fe r  L i m i t a t i o n s  i 
1 S o l i d  decomposit ion r e a c t i o n s  a re  d i f f i c u l t  t o  conduct i n  a t o t a l l y  repea tab le  and 

p rec i se  manner. The main d i f f i c u l t i e s  a re  assoc ia ted  w i t h  sample u n i f o r m i t y ,  sam- 
p l e  l o c a t i o n  i n  t h e  r e a c t o r ,  temperature, and composi t ion.  

It could be argued t h a t ,  s i n c e  r a t e s  a r e  repea tab le  o n l y  t o  w i t h i n , s a y , l O  t o  20% 
accuracy, t h a t  t h e  temperatures w i t h i n  t h e  sample should a l s o  be w i t h i n  t h e  same 
l i m i t .  Th i s  means t h a t  i f  t h e  l o c a l  r a t e  i s  everywhere w i t h i n t h i s  10 t o  20% l i m i t ,  
t hen  we can d e f i n e  an a l l owab le  temperature p r o f i l e  assoc ia ted  w i t h  t h i s  p o s i t i o n  
dependent r e a c t i o n  r a t e .  
t h e  coo les t ,  we may determine t h e  temperature a t  t h e  c e n t e r  assoc ia ted  w i t h  90% ( o r  
80%) o f  t h a t  a t  t he  r e a c t o r  temperature, To. 

Using an Arrhenius express ion f o r  t h e  r a t e  cons tan t ,  k ,  we have t h e  temperature 
l i m i t ,  T,, d e f i n e d  as f o l l o w s :  

I n  t h e  p resen t  case, with t h e  c e n t e r  o f  t h e  p a r t i c l e  be ing  

TO T, = ____ 
R To 

E 1-- I n  0.9 

This  i n  t u r n  d e f i n e s  a minimum c e n t e r l i n e  p a r t i c l e  temperature and d imensionless 
temperatures 

AS a f i r s t  a t tempt  t o  f i x  an a p p r o p r i a t e  p a r t i c l e  s i z e ,  we can es t ima te ,  f rom 
Equation 6, t he  t i m e  r e q u i r e d  f o r  t h e  temperature a t  t h e  c e n t e r l i n e  t o  reach T,, 
o r  4,. Th is  t ime  can then be used t o  es t ima te  an approximate e x t e n t  o f  r e a c t i o n  
t o  determine how much o f  t h e  p a r t i c l e  may have py ro l yzed  i n  t h a t  t i m e  per iod.  
ac tua l  e x t e n t  o f  r e a c t i o n  would be l ower  s i n c e  t h e  p a r t i c l e  i s  n o t  u n i f o r m l y  a t  
To; t he  es t ima te  o r  p a r t i c l e  s i z e  l i m i t s  w i l l  t h e r e f o r e  be conserva t i ve .  

\ 

l 

The 
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Speci f ic  Examples of Cellulose Kinetics 

The r e su l t s  of examining ce l lu lose  decomposition as a spec i f ic  case are shown in 
Figure 2.  Example ca lcu la t ions  f o r  450°C a r e  shown as  follows: 

& e = - k p  
d t  

11 where k = 9.32(10 )exp(-35960/RT) min-’ ( r e f .  8) 

The time t o  reach 10% ( p / p  =0.9)  decomposition a t  reactor temperature i s  then 
determined by in tegra t ing  eo get  

- In O ”  = .0084 min 
t10 - - -k0 

The dimensionless time, T ,  associated with this 10% decomposition value i s  
dependent on pa r t i c l e  s i ze  

12)  

Using l i t e r a t u r e  values f o r  ce l lu lose  properties 

P = 0.5 g/cm3 

P 
k = 0.0003 cal/(cm-sec-OK) 

x = -100 ca l /g  

C = 0.32 cal/g-’C 

the following mathematical procedure was conducted. For a given temperature and 
and pa r t i c l e  s i ze ,  the time required fo r  t he  center l ine  temperature t o  reach tha t  
temperature (T,) associated with 90% of the  ultimate r a t e  was determined. 
u p  time was then compared t o  the  k ine t i c  time fo r  10% decomposition. 
s i ze  was then increased and the ca lcu la t ion  repeated. 

In a l l  cases,  the l imi ta t ion  imposed by the steady s t a t e  (o r  maximum possible) 
cen ter l ine  temperature was f i r s t  reached. This r e s u l t  validates t he  basic assump- 
t ions  used in  the derivation. I t  i s  therefore apparent tha t  jus t  the  steady, s t a t e  
portion of the solution can be used t o  obtain a n  estimated l imi t  f o r  pa r t i c l e  s ize .  
Spec i f ica l ly ,  a t  the center l ine ,  

This heat 
The pa r t i c l e  

Only o depends on pa r t i c l e  s i z e ,  so f o r  a given temperature l i m i t ,  the pa r t i c l e  
s i ze  associated with t h a t  steady s t a t e  l imi t  i s  readily calculated.  
of these calculations a r e  shown ow Figure 2 f o r  both 10% and 20% deviations from the 
ult imate ra te .  

If  the heat of reaction i s  considered t o  be zero,  then the  t rans ien t  solution must be 
used t o  determine the pa r t i c l e  s i ze  l i m i t  in the manner as just described. 

The r e su l t s  

This l imi t  
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f 

i s  a l s o  shown on F igu re  2 f o r  10% and 20% d e v i a t i o n s  f rom t h e  u l t i m a t e  r a t e .  

' Summary 

' Using va r ious  assumptions as descr ibed,  i t  i s  seen t h a t ,  f o r  example, a p a r t i c l e  
dimension of 0.01 cm ( th i ckness  = 0.02 cm o r  200 microns)  m igh t  be i n v e s t i g a t e d  
k i n e t i c a l l y  up t o  about 45O-50O0C w i t h o u t  t a k i n g  t r a n s p o r t  l i m i t a t i o n s  due t o  
i n t e r n a l  p a r t i c l e  p r o f i l e s  i n t o  account. I f  e x t e r n a l  heat  t r a n s f e r  t o  t h e  p a r t i c l e  
su r face  i s  a l s o  slow, then  even lower  temperature l i m i t s  would occur .  
Equat ion 13 can be used t o  es t ima te  t h e  maximum p a r t i c l e  s i z e  f o r  v a r i o u s  va lues of 
t h e  dimensionless parameters. 
s i o n  f o r  a bed o f  f i n e  p a r t i c l e s  would be bed depth r a t h e r  than p a r t i c l e  s i ze .  
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Introduction 

The global pyrolysis kinetics of a Pittsburgh No. 8 Seam bituminous coal were 
studied previously (1,2) in a reactor where volatiles are rapidly diluted and 
quenched upon exiting the coal, thereby reducing the extent of secondary reactions 
of primary products. 
occurs as the pressure is increased, implying that the nascent tar contains reac- 
tive components capable of significant secondary reactions under conditions of in- 
terest in commercial coal processing. 
determine the effects of temperature (500 to 900°C), residence time (0.6 to 1.1 s ) ,  
and contacting surfaces (coal char, active carbon, and quartz) on the homogeneous 
and heterogeneous secondary reactions of tar fr0m.a Pittsburgh Seam bituminous coal. 

Despite this feature, a significant decrease in tar yield 

A study was undertaken to systematically 

In this paper, results for the formation kinetics of CH4. C2H4, C2H6, and C3's 
by primary pyrolysis of the coal and of CH4 and C2H4 by vapor-phase cracking of the 
tar are presented. An earlier paper (3) focused on the overall kinetics of the 
homogeneous and heterogeneous cracking of tar. 

The kinetic parameters presented in this paper are understood to be global 
parameters, i.e., they represent the kinetics for the overall reaction A +  B rather 
than any elementary step involving radical species. 
tained for activation energies correlate with the strengths of the bonds which are 
being broken, but are not equivalent. 

Consequently, the values ob- 

I 

Experimental 
! 

The apparatus is a reactor containing two independently heated, series-connect- 
ed stages for controlled generation and reaction of volatiles (3,4,5). A thin bed 
of coal, diluted with sand to prevent agglomeration. is pyrolyzed in the upstream 
stage at a low heating rate (3'Clrnin) in order to produce fresh volatiles at temp- 
eratures (<5OO0C) which are unfavorable to secondary reactions. These volatiles 
are then rapidly transported by an inert carrier gas to a second (isothermal) stage, 
held between 500 and 9OO"C, and then to a collection system. In preliminary experi- 
ments (referred to as "base case"), the volatiles generated in the first stage pass 
directly to the collection system. 

\ 

' 

In the second (reaction) stage, the separate effects of temperature and resi- 
dence time (0.6-1.1s) on the homogeneous secondary reactions of the primary tars 
are systematically studied. Conditions are chosen such that the cracking reactions 
of light oils and light hydrocarbon volatiles are relatively unimportant. 
quently, changes in the composition of volatiles within the second stage are attri- 

Conse- 

\ buted solely to secondary reactions of the tar. 

Results and Discussion 

Kinetics of Tar Formation and Tar Cracking 
Cumulative yields of tar as a function of formation temperature are shown in 

65 



Fig. 1. Since the heating rate is constant, the abscissa can also be considered a 
time axis. This figure includes data from base case experiments (no cracking 
stage) and homogeneous cracking experiments with a gas-phase residence time (V/F, 
plug flow) of 1.1 s and a temperature ranging from 700 to 900°C in stage 2. 

The base case data in Fig. 1 were obtained with a carrier-flow rate equivalent 
to a nominal stage-2 residence time of 1.1 s. 
stage-2 residence times from 0.5 to 3.0 s gave very similar tar yields and evolution 
profiles ( 4 . 5 ) .  This result indicates that the evolution of tar from the bed is not 
limited by mass-transfer into the bulk gas. The independence of tar evolution rate 
with respect to carrier gas flow rate is important since this parameter is used to 
control volatiles residence time in the second stage. 

Other base case runs having nominal 

The base data also show that the maximum rate of tar formation occurs at rela- 
tively low temperatures (a430'C) and that over 90 percent of the tar is formed below 
5OOOC. Consequently, one can assume that the tars being formed in the first stage 
are "primary," i.e., they have not yet been subjected to significant secondary re- 
actions. 

The dotted curve drawn through the base data in Fig. 1 has been generated by 
fitting with a kinetic model which assumes an infinite set of parallel. first-order 
decomposition reactions with a Gaussian distribution of activation energies (6). 
The parameters obtained by fitting this model os a simple, single first-order reac- 
tion model to the tar formation data are given in Table 1, below. 

TABLE 1. TAR FORMATION KINETIC PARAMETERS 

Model A 
Type 11s 

E V" RMS 
(kcal /mole) (kcal/mole) (wt. % Error 

of coal 

2.56~10~ 27.1 Single 
Reaction 23.03 0.026 

Multiple 4. 54x107 34.2 
Reaction 3 . 8 0 ~ 1 0 ~ ~  52.8 

1.1 
2.5 

23.27 0.024 
23.41 0.025 

Depending on the initial guess used to initiate the numerical data fitting 
routine, the multiple reaction model gives two sets of kinetic parameters, which fit 
the data equally well. 
experiments at different heating rates. Since, in all cases, the activation energy 
for tar formation is higher than would be expected for a physical process, and be- 
cause of the flow-independence, it is likely that the rate-controlling mechanism for 
tar evolution is chemical kinetics. This result differs from the study of Unger and 
Suuberg (7). where evaporation of tar was thought to be rate-limiting. 
ference can probably be attributed to the reactor system used in their study, in 
which a thin layer Of coal is heated in the absence of a forced convective flow. 

Discriminating between these sets will require data from 

' This dif- 

The success of the single reaction model and the small values of a for the 
multiple-reaction model indicate that the formation reactions for tar involve only 
a small range of activation energies, suggesting that primary tar is formed by de- 
composition of only a few types of bonds in the coal. 

The other data sets in Fig. 1 were fitted with an equation with the form of 
the multiple reaction model but these plots reflect the combined influence of tar 
generation and tar secondary reactions. Consequently, no kinetic parameters were 
obtained directly from this fit. However, by using the asymptotic values of tar 
yield the overall conversion of tar (relative to the base case) was calculated. 
These data are shown in Fig. 2 for several homogeneous cracking experiments per- 
formed at temperatures between 500 and 900°C and nominal residence times of 0.6 and 
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1.1 6 .  The data were fit to a model which assumes that the tar consists of three 
"lumps" of different reactivity, which react independently. The first lump, "A" 
tar, is the most reactive and is assumed to decompose via a first-order reaction 
into gases and light oils at relatively low severities. 
reactive and decomposes to similar products by a parallel first-order reaction with 
a presumably higher global activation energy than that of lump "A." The "C" tar is 
assumed to be unreactive under the present conditions. The percentages of A ,  B, 
and C were obtained by inspection of the apparent plateaus in the conversion data 
(Fig. 2 ) .  This resulted in values of 33. 27, and 40 wt. percent for A, B, and C, 
respectively. 
The kinetic parameters are given in Table 2 .  

The "B" tar is moderately 

Additional details of the model have been discussed previously (3). 

~~~~~~ ~~ 

TABLE 2 .  TAR SECONLlARY REACTIONS/KINETIC PARAMETERS FOR 3-LuMp MODEL 

LUMP A 
u s  

E T* 
(kcal /mo le) (wt. % 

of tar) 

A 1.25~10~ 39.4 33.0 (fixed) 

27.0 (fixed) B 8 . 0 4 ~ 1 0 ~ ~  65.2 

C -- -- 40.0 (fixed) 

Hydrocarbon Gas Formation 
The evolution rates of primary hydrocarbon gases (CH4, C2H4, C2H , C3H6 + 

C9Ha) are oresented in Figures 3-6. resoectivelv. The data clearly stow that the - . .  2 0  
gas formation kinetics are independent of carrier flow rate. 
observed for the tar). 

(This same result was 

These data were obtained from base case experiments where the bed temperature 
in stage-1 is increased at 3'C/min to 55OoC and then held at 550°C for 30 minutes. 
Only the non-isothermal data have been plotted in Figs. 3-6 and used in the model- 
ing calculations. The gas data are fit to a single reaction first-order model and 
also to a multiple independent-parallel reaction model, in the same manner as the 
tar data. The kinetic parameters obtained from a least-squares fit are given in 
Table 3, below. 

TABLE 3. LIGHT GAS FORMATION/KINETIC PARAMETERS 
~ 

Gas A E 0 V* RMS 
(11s) (kcal/mole) (kcal/mole) (wt. % Error 

of coal) 
~~~ 

- single rxn model 

C2H4 
C2H6 

7.52~10~ 30.3 -- 1.44 0.073 
2.75~10~ 29.2 -- 0.13 0.027 
3.05~10~ 31.6 -- 0.51 0.054 
8 . 9 0 ~ 1 0 ~ ~  48.6 -- 0.12 0.085 

CH4 

C3's 

CH4 

C3'S 

- multiple rxn model 
4.68~101112 50.0 2.5 1.59 0.064 
2.79~10 53.1 2 . 8  0.14 0.020 

+1.0oX1013 52.9 2 . 1  0.53 0.047 
7.33~10~3 55.0 1.2 0.13 0.081 

'ZH4 
C2H6 

+indicates a parameter which is fixed during the fitting routine 
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With the exception of methane, both models describe the data fairly well al- 
though the multiple parallel reaction model gives more reasonable parameters (A and 
E), a better overall fit to the data (smaller RMS error), and a value of V* that is 
closer to the experimental value. For methane, it appears that there is an overlap- 
ping set of reactions which cannot easily be fit with a single reaction or a Gaussian 
distribution-of reactions. Other studies have fit methane formation data with a set 
of 2 to 4 parallel first-order reactions (8,9,10). A similar approach has been used 
for other gases, when necessary. 

Gas Formation from Tar Cracking 
A determination was made of how well the kinetics for "secondarv" CH,. and - .  

C H formation in the volatile cracking experiments agreed with the kinetics for 
disappearance of tar based on the three-lump model. 
because these gases are the most stable, being resistant to secondary cracking at 
temperatures below 800°C. For the same reason, only low-temperature (<800°C) tar 
cracking and secondary gas formation were considered. This regime corresponds to 
decomposition of the "A" lump in the 3-lump cracking model discussed above (see also 
Fig. 2). 

2 4  Only CH4 and C2H4 were examined 

These two gases account for about 1/3 of the products of low temperature de- 
However, composition, while an additional 1/3 is estimated to be light oil (4,s). 

the light oil (primarily benzene, toluene, and xylenes) is not as easily quantified 
due to difficulties in collection, so it was not considered in this analysis. 

The yields of secondary CH4 and C2H4 were determined by subtracting their cor- 
responding base case yields (no cracking stage) from their yields in a homogeneous 
cracking experiment. These results are plotted in Figs. 7 and 8, for CH4 and CZHL, 
respectively. 

The kinetic analysis was done by fixing the preexponential factor at the value 
Then the V* was fixed at a value corresponding to obtained for the "A" lump of tar. 

the yield at 750°C and a regression analysis was done to calculate the value of the 
activation energy. The results are given in Table 4. 

TABLE 4. SECONDARY REACTION KINETIC PARAMETERS 

SPECIES A E T* v* 
(l/s) (kcal/mole) (wt % (wt. % 

of tar) of coal) 

- Secondary 
Formation 

+1.25x109 40.2 +4.6 +1.1 
+1.25x109 39.4 +5.8 +1.4 

CH4 
C2H4 

- Secondary 
Decomposition 

"A" tar 1.25~10~ 39.4 +33.0 +8.0 

+indicates a parameter which is fixed during the fitting routine. 

In both cases, the value of the activation energy was very close to that for 
decomposition of lump "A." 

These results indicate that: 

1) The additional ethylene and methane formed in secondary reactions are pre- 
dominantly from tar cracking rather than cracking of other gases. This 
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result supports one of the key assumptions of the reactor system, 

The two gases are formed from tar by breaking bonds of similar strength 
and/or type, which supports the concept of dividing the tar into "lumps" 
Containing bonds of similar reactivity. 

2) 

Comparison of Gas Formation from Coal Pyrolysis and Tar Decomposition 
It is instructive to compare the rate constants for the formation of CHI,, 

C2H4, CzHg, C3's, and tar fr& the primary pyrolysis of coal with those for ;he 
low-temperature (vapor-phase) decomposition of tar to form CH4 and C2H4 (among 
Other products). These are plotted in Fig. 9 for the temperature range of 300 to 
700°C. The rate constants were calculated from the Arrhenius parameters in Tables 
3 and 4. 
CH4 and C2H4 from tar with those for the overall decomposition of tar (lump "A"), 
only the latter values were used. 

Because of the similarity of the parameters for secondary formation of 

One conclusion from this plot is that. even at relatively low temperatures 
(350-500°C), the intrinsic rate of tar decomposition to form CHq, CzHq, etc., is 
greater than or equal to the intrinsic rate of formation of these gases from pri- 
mary pyrolysis of the coal. This result is not surprising, in light of the fact 
that these gases are formed from cracking of side chains of aromatic units in 
either case. The only difference is that the side chains are attached to a vola- 
tile species in the case of tar. The fact that the rate of gas formation from tar 
is actually somewhat greater than that from the coal can be explained based on the 
sequence of product evolution indicated in the composite plot shown in Fig. 10. 
is apparent that significant light gas formation occurs after the maximum rate of 
tar evolution has ended. Consequently, it would be expected that the viscosity o f  
the coal melt would be increasing as the evolution of light gas proceeds. 
known that the rates of bond homolysis reactions in the gaseous and liquid phases 
are generally the same within a factor of 2 ,  but the latter tend to decrease with 
increasing melt viscosity due to so-called "cage" effects (11). 

It 

It is 

Comparison of the Rates of Tar Formation and Tar Decomposition 
From Fig. 9, it is also apparent that the intrinsic rate of tar cracking is 

comparable to or greater than that of tar formation over a wide range of tempera- 
ture. This fact underscores the necessity of removing the tar quickly from the 
generation zone in order to prevent cracking of side chains and aliphatic (or 
etheric) linkages. Failure to do so will result in increased yields of light gases 
(e.g., CH4, C2H4) and light oil at the expense of tar. 
expected that, in coal pyrolysis. factors which affect the time-temperature history 
of the tar and/or the escape of tar from the coal will also affect the yield of 
light hydrocarbon products. 
affect both the time-temperature history and the evaporation rate of the tar. 
(Note: For the purpose of this discussion, it is assumed that the coal of interest 
is a softening bituminous coal and that the tar does not react further once it 
escapes from the melt.) 

Consequently, it would be 

These factors would include the heating rate, which can 

The phenomenon is best understood by first considering the behavior of tar 
during pyrolysis according to the model proposed by Unger and Suuberg (12) for a 
softening bituminous coal: 

kU 

>TAR 
n kt 

COAL METAPLAST, 
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In this scheme, which is well supported by the body of evidence in the literature, 
the metaplast is the tar precursor. 
repolymerization t o  form char (b), or give rise t o  additional gas formation via 
side-chain cracking (ki2). 
(kt >> b), it would be expected that an increased heating rate would lead to in- 
creased light gas formation since the temperature interval of tar formation would 
be shifted upward (13) t o  temperatures where the rate of tar cracking becomes 
greater than the formation rate (see Fig. 9). 

It can be evaporated as tar (kt), undergo 

In the case where formation of tar i s  rate-limiting 

If the evaporation rate of tar is rate-limiting (k, >> kt) the light gas 
yields would be increased over the case of no mass-transfer limitations but would 
mot be sensitive to heating rate, provided that the final temperature is the same 
in every case. This is a result of the fact that, while the tar is formed at lower 
temperatures as the heating rate is reduced, it still cannot escape until relative- 
ly high temperatures are reached. Consequently, there is ample opportunity for 
side-chain cracking at any value of the heating rate. 

The above hypotheses can be tested by examining some recent work from the lit- 
erature. Suuberg (13,14) used a captive sample, screen-heater apparatus t o  study 
changes in volatiles composition with heating rate for the Pittsburgh No. 8 Seam 
coal. Over a range from 350-15,000°K/s, no significant effect was observed. 
versely, Stangeby and Sears (15) studied a comparable Canadian coal using a similar 
system and found a significant increase in CH4 and C H4 yield as the heating rate 
was raised from 250 t o  6000°K/s. Desypris e t  al. (1g) found the same result for an 
Australian bituminous coal over the range from 450 t o  1800'Kls. In all of the above 
studies the reactor system, final temperature (sl003"C), and pressure (sl atm) were 
similar. However, in the latter two studies a gas flow was superimposed on the 
screen-heater during pyrolysis t o  enhance mass-transfer of the volatile species. 

Con- 

This disagreement can be explained based on the presence or absence of mass- 

This conclusion is based on recent studies, 
transfer effects. In Suuberg's experiment it is likely that the rate of tar evolu- 
tion was limited by tar evaporation. 
using gel permeation chromatography,of tars from a similar experiment (17). In 
the work of Stangeby and Sears and Desypris et al., it is likely that such limita- 
tions were not a factor. This concurs with results from the present study (dis- 
cussed above) for a gas-swept fixed-bed and explains the sensitivity t o  heatine 
rate. 

While high heating rates can promote tar cracking in experiments where tar 
evaporation is rate-limiting, they are not always detrimental. If the heating rate 
is too slow, the low volatility of the tar will cause it to accumulate, thus pro- 
viding an opportunity for repolymerization reactions to occur. In practice, the 
reduction in tar yield by this mechanism may be more important than by side chain 
cracking as evidenced by the dramatic reduction in tar yield and corresponding in- 
crease in char yield observed when tar escape is inhibited by increasing the am- 
bient pressure (13,14). 

An example of how the heating rate can affect such reactions is the work by 
Warren (18,19,20), who did a series of studies on pyrolysis of packed beds of 
coal. It was found that the yield of tar increased at the expense of gas and coke 
when the heating rate was increased from 0.7 to 21.8O0C/min. 

A theoretical basis for this phenomenon can be found in the model compound 
work of Van Krevelen (21 ) .  
the yield of volatiles from pyrolysis of a hydroxyl-substituted polycondensed aro- 
matic system, but had no effect on the unsubstituted polycondensate. Van Krevelen 
theorized that, in the former case, evaporation of tar competed with repolymeriza- 
tion via hydroxyl groups. 

An increase in heating rate was observed t o  increase 
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It should be noted that in the high heating rate studies discussed above 
(14,15,16) the total yield of volatiles was found to be independent of heating 
rate in all cases. 
not influenced by heating rate at values above dOO"K/s. 

This result implies that the repolymerization reactions are 

Conclusions 

The above discussion would indicate that there is an optimum heating rate for 
tar yield. This has been found by Freihaut and Seery (22), who studied the vacuum 
pyrolysis of a variety of coals in a captive sample reactor at heating rates of 
l-1030C/s. They found a variation in tar yield for two high volatile bituminous 
coals, with an optimum value of 102"C/s (for maximum tar yield). 
not nearly as sensitive to heating rate. 

Other coals were 

In theory, if the rates of tar formation, tar evaporation (which depends on 
the molecular weight distribution), tar cracking, and tar recombination reactions 
are well-known, the optimum time-temperature path to maximize tar yield could be 
predicted. The model proposed by Unger and Suuberg (12) does incorporate most of 
the important features of the chemistry and transport of tar, but requires better 
information on the tar molecular weight distribution and the kinetics of tar forma- 
tion and secondary reactions. 
provide some of the information on tar which is now lacking. 

The overall objective of the present study is to 
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Figure 3 FORUTION RATE OF 

(.-... single reaction model 
(----) multiple reaction model 
Parameters are given in Table 3. 
Yields are experimental values. 

(...*.) Eingle reaction model 
(-) multiple reaction model 
Parameters are given in Table 3. 
Yields are experimental values. 
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Figure 5 FORlATION RATE OF PRIMARY ETIUM 
(..-..) single reaction model 
(-) multiple reaction model 
Parameters are given in Table 3. 
Yields are experimental values. 
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THEKMAL EFFECTS ON THE RAPID DEVOLlTIZATlON OF COAL 

0. Morel and F. 3 .  Vastola 

Department of Materials Science and Engineering 
The Pennsylvania State University 

University Park. PA 16802 

1NTKODUCT ION 

One of the major difficulties in the calculation of the kinetics of coal pyroly- 
sis under conditions of rapid heating is the determination of the temperaLure histJry 
O C  clic coal during the pyrolysis event. The temperature at which the pyrolysis oc- 
curs when a particle of coal is injected into a hot environment is dependent on the 
rate of heat transfer to the particle surface and the rate at which heat is trans- 
ported through the particle. This latter transfer is further complicated by the 
l i e a ~  adsorbed o r  released by the pyrolysis reaction as well as phase changes that 
can occur within the particle. One method of obtaining data on the thermal response 
of cu;il under rapid heating conditions is to measure the variation in gas temperature 
wlieii particles a r e  injected into a hot gas environment where gas convcction will 
play i t  signiiicant r o l e  in the heat LrilnsCcr process. By measuring Local gas tcmp- 
eracure in Lhe vicinity of a particle injected into a hot environment the time of 
the hentina-pyrolysis period can be  measured and an estimate can be made of  the rela- 
Live contributions of gas convection and radiation to the process. 

EXPERIMENTAL 

Figure 1 iliustrates the design of the captive particle isothermal flow reactor 
uscd in LIBis iiivcsLip,iiLioii. Single or muILiplc particlcs of coal o r  char :ire placed  
C ~ L I  ti solenoid controlled platform. A rapid withdrawal of the platform allows the 
p:~r~icle(s) LO 1a11 into a preheated reaction environment. The time of entry into 
 lie rc:ic~ion zone is deLected by the perturbation of a light beam located at the 
~ , n ~ r . i i i c c  c)i ~lte re:icLion ZOIIC. I’rclica~cd Ilc wiis used as Lhc y;iscous pyrolysis en- 
v i r c u i m u i L .  To d c t e c ~  Lciiipernture Lransients induced by sample injection i) 0. 13 mm 
c r o s s  sccLioti chromel-alumel thermocouple WAS placed in the reactor in such a manner 
L ~ I ~ I L  L I W  s;iniples after injection would be extremely close to the thermocouple tip. 
The clicrmocouple output was amplified and the resulting signal was digitized with 
ii  coinputcr controlled 12-bit analog to digital converter. The converter had an ac- 
quisitioii time of 20 p s  the sampling period used in this study was 1 ms. The coal 
used was I’COC-640 a HVA bituminous coal, its analysis is given in Table 1. 
coal particles in sized ranges of 80-220 um in diameter and single particles of ap- 
proximately 2 mm in diameter were used. 

Multiple 

RESULTS AND DISCUSSION 

Figure 2 shows the gas temperature in the vicinity of an injected 4.8 mg, 2 mm 

The second plot was obtained by reinjecting the 2.5 mg char par- 
coal particle vs time. 
wiis quiescent He. 
Liclc resulting from the pyrolysis of the coal particle. 
coolcd on particle injection then Is slowly reheated as Lhe sample ;~nd the gas 
surrouiiding LIIC sample approach the reactor temperature. The differences in Lhe 
cxtciiL o i  the temperaLure pcrturbacion between the coal and char are due to tile 
change in mass resulting trom the loss of VM from the coal and the endothermicity 
of the pyrolysis process. By slightly changing the position of the thermocouple 
f o r  different runs, it was observed that the cooling effect was a localized phe- 
iiomenon. taking place only in the very close neighborhood of the sample. 
dictiLcd chat the bulk temperature of the gas remained constant during the 1,yrolysis- 
IicaLinji period. 

The reactor temperature was 1072 K and the gas environment 

The thermocouple is rapidly 

This in- 
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TABLE i 

CHEMICAL OATA FOR HIGH VOLATiLE A BITUMINOUS PSOC 640 

Ana lyses ,  Weight % 

Ash 
VolaL i l c  Mat t e r  
Fixed Carbon 

Ash 
Carbon 
Hydrogen 
Nitrogen 
SUI p h u r  
Oxygen ( d i f  f )  

PROXIMATE ANALYSIS 
%Y 

8 . 1  
37.3 
54.6 

ULTIMATE ANALYSIS 
8.1 

74.7 
5.2 
1 . 3  
2 . 8  
7.9 

DMMF ( P a r r )  

39.6 
60.4 

83.3 
5.8 
1 . 4  

9.5 
- 

Energy c r i in s l c r  Crom a ho t  environment  t o  a p a r t i c l e  is  by bo th  gaseous convec- 
t i on  and thermal  r a d i a t i o n .  The magnitude of t h e  r a d i a t i v e  t r a n s f e r  can be r e a d i l y  
c s t i m a t e d .  The maximum r a t e  of r a d i a n t  energy d e l i v e r e d  t o  t h e  p a r t i c l e  by i t s  su r -  
roundings i s  e q u i v a l e n t  to the ene rgy  r a d i a t e d  by t h e  p a r t i c l e  a t  t h e  t empera tu re  
01 its su r round ings .  

P = ocAT4 (1) 

1’ = maximuni r;idiiiLivc power. W 
u = Stephan-UolLzman c o n s t a n t ,  5.67 x lo-’ W/m2-K 
L = e m i s s i v i t y  of  p a r l i c l e ,  0 .7  
A = area o l  parLic lc ,  1.36 x 
‘1 = r e a c t o r  CcmpcraLure. LO72 K 

m2 

I n  t h i s  cilsc P = 0 . 7 1  w a t t s .  

The amount oC energy r e q u i r e d  t o  h e a t  a p a r t i c l e  of c o a l  t o  t h e  t empera tu re  
o f  i t s  cnvironment when t h a t  t e m p e r a t u r e  is s u f f i c i e n t l y  h igh  t o  a l l o w  t h e  p y r o l y s i s  
t o  go  t o  complet ion i n  ii ineasurable  time would be: 

q - MpCpAT + M AH 
P 

where Mp is t h e  mass of t h e  p a r t i c l e ,  Cp is i t s  h e a t  c a p a c i t y .  AT t h e  i n i t i a l  p a r t i c l e -  
environment tcmper:iturc d i f f e r e n c e  and A H  is t h e  h e a t  of p y r o l y s i s .  I f ,  Cor example, 
t h e  2 mm p a r t i c l e  01 the p r e v i o u s  c a l c u l a t i o n  was t aken  and t h e  fo l lowing  c h a r a c t e r i s -  
t ics assumed, 

= .0048 g 

A f i  = 700 J j g  
I? = 1.6 J/g-K 

t h e  energy r equ i r ed  t o  hea t  t h e  p a r t i c l e  f rom 300 K t o  1072 K would be 9.29 J. I f  
t h i s  p a r c i c l e  was t o  b e  hea ted  by r a d i a t i o n  a l o n e  t h e  h e a t i n g  t i m e  would be g r e a t l y  
i n  e x c e s s  of t h a t  measured e x p e r i m e n t a l l y .  For t h e  s i n g l e  p a r t i c l e  expe r imen t s  t h e  
s m a l l  con tac t  a r e a  of a s p h e r i c a l  p a r t i c l e  c o n t a c t i n g  t h e  s i l i c a  s u r f a c e  of t h e  re- 
a c t o r  would tend Lo minimizc t h e  c o n l r i b u t i o n  01 s o l i d - s o l i d  h e a t  conduc t ion .  Con- 
s e q u e n t l y  the major rcason lor t h e  s l i o r L c n i n ~  of t h e  p y r o l y s l s  p e r i o d  i r u m  that c a l -  
c u l a t u d  by r a d i a t i v e  t cansCer  a l o n e  is hea t  L rans fe r  v i a  gas conduc t ion .  

I 

/ 

I 
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A mfire e x a c t i n g  c a l c u l a t i o n  c a n  b e  made by making a n  energy b a l a n c e  f o r  t h e  
p a r t i c l e  Laking i n t o  account  c o n v e c t i o n ,  r a d i a t i o n ,  h e a t  c a p a c i t y  and t h e  h e a t  of 
p y r o l y s i s .  

hA (T -T ) + o A  c (T 4-Tp4) + RHp = MpCpdTp/dt 
P g P  P P  

(3) 

The va lues  used t o  model t h e  2 mm c o a l  and c h a r  p a r t i c l e s  i n  F i g u r e  2 a r e :  

11 9 1 a r e a  of  p a r t i c l e ,  1.36 xlOw5 m2 
g a s  tempera ture ,  1072 K ~ p 6  = p a r t i c l e  tempera ture .  K 

c = p a r t i c l e  e m i s s i v i t y ,  .7  ;fe = w a l l  tempera ture ,  1072 K 
= p y r o l y s i s  r a t e ,  g / s  

H = h e a t  of  p y r o l y s i s  of c o a l ,  700 J / g  
M F  = mass of p a r t i c l e ,  c o a l  .0048 g, c h a r  .0025 g 
Cp = p a r t i c l e  h e a t  c a p a c i t y ,  J/g-K. 

= lieat Lr:ii iscer c u c r r i c i c n i .  w/!~?-K 

The h e a t  c a p a c i t i e s  of  c o a l  and c h a r  a s  a f u n c t i o n  of t e m p e r a t u r e  were o b t a i n e d  us- 
i n g  t h e  f o l l o w i n g  e q u a t i o n :  

Cp(T) = a + bT + cT2 + dT3 + eT4 (4 1 

Coal 
a - 0.685 
b 9.235 x 
c - L.262 x 10-2 
d 7.865 x 10-3 
e - 1.85  x 

Char 
a 2.673 
b 2.617 x 
c 1.169 x 

The da t a  used Cur f i t t i n g  the  e q u a t i o n  f o r  c o a l  was e x t r a p o l a t e d  from t h a t  g iven  
by Merrick ( 1 ) .  
c h a r .  The r a t e  of p y r o l y s i s  was assumed t o  b e  a f i r s t  o r d e r  r e a c t i o n  w i t h  a pre-  
e x p o n e n t i a l  of 

'The h e a t  c a p a c i t y  of g r a p h i t e  (2)  was used t o  approximate  t h a t  of 

and a n  a c t i v a t i o n  energy of 83 .6  kJ/gmole.  

This  model was a b l e  t o  f i t  t h e  tempera ture  p r o f i l e  of a s i n g l e  c o a l  p a r t i c l e  
and when s e t t i n g  t h e  r e a c t i o n  term t o  z e r o  t h e  p r o f i l e  of t h e  r e i n j e c t e d  c h a r  par -  
t i c l e .  F igure  3 s l iows  L h e  e x p e r i m e n t a l  thermocouple r e s p o n s e  f o r  t h e  i n j e c t i o n  or 
a 2 nun diameler  c h a r  p a r t i c l e ,  c u r v e  a .  a l o n g  w i t h  t h e  c a l c u l a t e d  p a r t i c l e  s u r f a c e  
CempcraLure p r o f i l e ,  curve  c. During t h e  tempera ture  p e r t u r b a t i o n  exper iments ,  t h e  
t l iermocouplc w i i s  not measuring the tempera ture  or t h e  p a r t i c l e  s u r f a c e  but  r a t h e r  
ii CcmperaLurc in te rmcdiaLc  bcLwcen t h a t  and Lhe t e m p e r a t u r e  of t h e  b u l k  gas, 

where n and m > 1. T h i s  e q u a t i o n  r e p r e s e n t s  a weighted  a v e r a g e  between t h e  b u l k  
g a s  and t h e  p a r t i c l e  s u r f a c e  tempera ture .  These v a l u e s  were  a d j u s t e d  t o  f i t  t h e  
e x p e r i m e n t a l l y  measured tempera ture ,  c u r v e  b.  
c a l c u l a t e d  p a r t i c l e  tempera ture  h i s t o r y  b u t  o n l y  a d j u s t s  t h e  c a l c u l a t i o n  t o  g i v e  
t h e  g a s  tempera ture  a t  a g iven  d i s t a n c e  from t h e  p a r t i c l e  s u r f a c e .  A similar c a l c u -  
l a t i o n  was used t o  model t h e  d a t a  o b t a i n e d  from t h e  i n j e c t i o n  of a 2 mm p a r t i c l e  
of c o a l ,  i n  t h i s  c a s e  t h e  term a c c o u n t i n g  f o r  t h e  h e a t  o f  p y r o l y s i s  is i n c l u d e d  i n  
t h e  model. 
Other  than  t h e  Eront edge of t h e  e x p e r i m e n t a l  t e m p e r a t u r e  c u r v e s  good agreement is  
found between t h e  niudcl and Lhe experlmeiltal  d a t a  f o r  b o t h  c o a l  and c h a r .  The 

T h i s  c o r r e c t i o n  does  n o t  change t h e  

F i g u r e  4 shows t h e  exper imenta l  d a t a  a l o n g  w i t h  t h e  a d j u s t e d  model d a t a .  
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d i r l e r e n c e  on t h e  r r o n t  edge  i s  a consequence of t h e  thermocouple b e i n g  a t  r e a c t o r  
tempera ture  p r i o r  t o  p a r t i c l e  i n j e c t i o n .  In F t e u r e  4 a n  i n f l e c t i o n  poinL can  be  n 
s e e n  a t  t h e  o n s e t  of r a p i d  p y r o l y s i s  f o r  bo th  t h e  e x p e r i m e n t a l  and c a l c u l a t e d  d a t a .  

The h e a t  t r a n s f e r  c o e f f i c i e n t ,  h which was used a s  t h e  main a d j u s t a b l e  parame- 
Using t h i s  v a l u e  t h e  maximum t e r  in t h e  model, gave t h e  b e s t  f i t  v a l u e ,  123  W/m2-s. 

c o n v e c t i v e  h e a t  f l u x  would b e ,  

q = hAAT = 1.28 W (6) 

t h i s  v a l u e  is  g r e a t e r  t h a n  t h e  maximum r a d i a t i v e  h e a t  f l u x  c a l c u l a t e d  i n  e q u a t i o n  
( l ) ,  0 .71  W. Under t h e s e  c i r c u m s t a n c e s  c o n v e c t i v e  h e a t  t r a n s p o r t  i s  p l a y i n g  a domi- 
n a n t  r o l e .  

Although many a s s u m p t i o n s  on v a l u e s  have  t o  b e  made i n  t h e  model, t h e  v a l u e s  
used  i n  t h e  c a l c u l a t i o n  and t h e  v a l u e s  o b t a i n e d  from t h e  model do n o t  appear  unrea l -  
i s t i c .  However, t h e  e x p e r i m e n t a l  measurement of  s i g n i f i c a n t  tempera ture  d e p r e s s i o n s  
i n  t h e  v i c i n i t y  o f  t h e  i n j e c t e d  p a r t i c l e  is  s t r o n g l y  i n d i c a t i v e  of  t h e  major r o l e  
p layed  by g a s  thermal  t r a n s p o r t .  

When groups  o f  small s i z e d  p a r t i c l e s  (80-500 pm) were i n t r o d u c e d  i n t o  t h e  reac-  
~ u r ,  i L  was found t h a t  t h e  h e a t i n g  t i m e s  a s  measured by t h e  thermocouple p e r t u r b a -  
t i o n  were only  s l i g h t l y  s h o r t e r  than  t h a t  of  a s i n g l e  p a r t i c l e  of e q u i v a l e n t  mass. 
l i  resisLancc t u  h c a t  t r a n s f e r  o c c u r s  i n  t h e  g a s  phase s u r r o u n d i n g  t h e  p a r t i c l e ,  

:I L C . I I I ~ C C I L U ~ U  g r a d i e n t  would be  expec ted  to b e  found e x t e n d i n g  some f i n i t e  d i s t a n c e  
[cum t h e  p a r t i c l e  s u r f a c e  t o  t h e  b u l k  g a s  phase.  I f  t h e  p a r t i c l e  d e n s i t y  is s u c h  
t h a t  t l ie d i s t a n c e  between p a r t i c l e s  would b e  less than  t h e  t h i c k n e s s  of t h i s  boundary 
I a y c r  t h e i r  i i i ccr  p a r t i c l e  i n t e r a c t i o n  W i l l  r e s u l t  i n  l o n g e r  h e a t i n g  t imes .  

Thc modeling of t h e  p y r o l y s i s  o f  c o a l  under c o n d i t i o n s  o f  r a p i d  h e a t i n g  r e l i e s  
on tlie knuwlcdgc of t h e  tempera ture  h i s t o r y  o f  t h e  c o a l  d u r i n g  t h e  p y r o l y s i s  p r o c e s s .  
I:runl ~ h c l  r e s u l t s  U T  t h i s  i n v e s t i g a t i o n  i t  c a n  be  seen t h a t  a s i g n i f i c n n t  porLion 
01. Lllc p y r o l y s i s  < I C  il p a r l i c k  w i l l  o c c u r  i l L  3 Leniperature c o n s i d e r a b l y  lower Llliul 
t h e  r c i i c m r  tempera ture .  ‘l’he ass ignment  of t h e  p y r o l y s i s  tempera ture  is f u r t h e r  
compl ica ted  by i n t r a  p a r t i c l e  tempera ture  g r a d i e n t s .  With t h e  d a t a  c u r r e n t l y  a v a i l -  
a b l e  on h e a t  c a p a c i t y ,  thermal  c o n d u c t i v i t y  and h e a t  of p y r o l y s i s  of c o a l ,  t h e  temp- 
e r a t u r e  h i s t o r y  of a r a p i d l y  h e a t e d  c o a l  p a r t i c l e  cannot  be  r e l i a b l y  c a l c u l a t e d  a 
p r i o r i .  I t  is e s s e n t i a l  t h a t  more a c c u r a t e  d a t a  on t h e s e  p r o p e r t i e s  b e  o b t a i n e d .  

ACKNOWLEDGMENTS 

This  s t u d y  was made p o s s i b l e  by f i n a n c i a l  s u p p o r t  of t h e  United S t a t e s  Depart-  
ment of Energy. 

REFERENCES 

1.  Merrick,  D . ,  Puel.  62 ,  p.  540 (83). - 
2 .  P e r r y ,  H .  P .  and C h i l t o n ,  C .  H., Chemical Engineers  Handbook, McCraw-Hill, 

FifLh EdiLion. 

80 



\ 

Cool S.npl. 

Fiyuit I .  COAL IIIJCCTION SYSTEU 

1.00 

0.95 

0.90 

81 



1.00 

0.9s 

- 
X 

E 
t 
t 

0.90 
a " 

i 
I 
I- 

0.85 

0.80 

- 

- 

1.00 

0.9s 

- 
x I 

? 
t 

, , * I 

0.90 
3 

5 
f 

0. 85 

t ...r a. thermrouplo. oaporimentat 

b. Ihormocouplo, cdkulaled 

, C. Char Surface, '2ICUldIOd 
.*' /- 

;. /I 
'.-.f 

-- 
I I 1 L 
1 1 3 I 

Time (81 

FIGURE 3. Temperacure percurbalion for a single chdr particle. 

82 



THE VARIATION OF COAL PYROLYSIS BEHAVIOR WITH RANK 

Peter R. Solomon, David G. Hamblen, Robert M. Carangelo, 
James R. Markham and Marie B. DiTaranto 

Advanced Fuel Research, 87 Church Street, East Hartford, CT 06108 

Coal pyrolysis is important since it is the initial step in most coal 
conversion processes and is the step which is most dependent on the properties of 
the coal. Recent reviews of the pyrolysis literature (1-3) present a complicated 
profusion of results in which it is difficult to identify any simplifying order. 
The purpose of this paper is to provide some understanding of the diversity in the 
reported data. 

The problem of interpreting kinetic rate constants in coal pyrolysis is 
illustrated in Fig. 1 adapted from ( 2 ) .  The figure presents a summary of reported 
rate constants (5) for weight l o s s ,  most of which are derived assuming a simple 
first order process. Figure 1 shows that at any given temperature, there is between 
a two and four order of magnitude variation in reported rate constant, as well as 
wide variations in slope (acitvation energy). For coal pyrolysis in the absence of 
external reacting gases, the possible causes for such variations are: 1) coal type; 
2 )  the assumptions used for deriving a kinetic expression; 3) reaction conditions 
(reaction time, pressure, particle size, heating rate, final temperature and mass 
transfer rates). 

variation. A number of experiments were examined in which coal rank alone was 
varied. The conclusion of this review was that at low temperature, where chemical 
kinetic rates can be most easily measured, the rates for hydrocarbon evolution vary 
by at most a factor of 5 between lignite and bituminous coals. Significant rank 
variations were also absent in high temperature experiments. Therefore, rank 
variation is probably the least important cause for scatter. 

single first order process when a number of parallel reactions with different rates 
contribute to weight loss. In this case, the use of a single rate constant will 
lead to anomalously low activation energies. If there are no heat transfer 
limitations, the rate constant will be reasonable at the temperature of the 
reaction. This problem has been discussed by a number of investigators 
(5 ,18 ,21-24) .  

The major causes for rate variations, therefore, appear to be heat and mass 
transfer limitations. To separate these effects from the chemical kinetic rate, 
coal pyrolysis was measured in two experiments designed to minimize heat and mass 
transfer limitations. Coals of different rank were used to provide additional data 
on rank variations. The first experiment is a constant heating rate experiment in 
which the coal is heated slowly enough (30"C/min) that heat transfer to the coal 
particle is not a problem. 
experiment provides for rapid heating (3 to 5 x 10 C/sec) so that weight loss 
occurs between 700 and 900OC. 

most a factor of 5 variation in the rate constant for weight loss. The latter 
experiment yields very high rates in line with those reported by Badzioch and 
Hawksley (4) and Freihaut (2). 
these temperatures and comparable rates reported at higher temperatures were due to 
heat transfer limitations. That is, these experiments have measured the rate of 
heat transfer to the coal particle, not a chemical kinetic rate constant for weight 
loss. 

A recent review, (22) considered whether coal type was a cause for such 

One cause for variations in reported activation energy is the assumption of a 

The major weight loss 8Zcur-s at about 500'C. The second 

The results of both experiments confirm that variations in coal rank cause at 

The result suggests that lower rates reported at 

SLOW HEATING EXPERIMENT 

Pyrolysis was carried out by heating the coal in a wire grid rapidly to 150°C 
and then at approximately 3O0C/min to 9OO'C. 
cell swept by 0.7 liter/min of nitrogen at 1 atmosphere. 

The grid is located within an infrared 
Infrared spectra of the 
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evolv ing  products  a r e  obta ined  every 15 seconds with a Nicole t  7199 FT-IR. 
s p e c t r a  f o r  p y r o l y s i s  of a c o a l  maceral a r e  i l l u s t r a t e d  i n  Fig. 2. Spec i f ic  regions 
of t h e  s p e c t r a  a r e  i n t e g r a t e d  t o  g i v e  the  amounts of a p a r t i c u l a r  gas  i n  t h e  cel l  as  
a func t ion  of time. The o r d i n a t e  is propor t iona l  t o  evolu t ion  r a t e .  The tar  
amounts are i n d i c a t e d  by s c a t t e r i n g  of t h e  I R  beam which s h i f t s  t h e  base l i n e  
absorbance a t  high wavenumbers. While t h e  tar measurement is not  q u a n t i t a t i v e ,  i t  
does i n d i c a t e  t h e  o n s e t ,  peak and conclusion of t a r  evolu t ion .  

repeated experiment f o r  a P i t t s b u r g h  Seam bituminous c o a l  and samples of t h i s  coa l  
which oxidized during 1 3  and 504 hours  of dry ing  at  110OC. 

The 

Data f o r  10 coal samples a r e  presented i n  Figs .  3 and 4. The d a t a  inc lude  one / 

' 
Tar evolu t ion  (Fig.  3)  e x h i b i t s  the narrowest  peak. The rank v a r i a t i o n s  i n  I 

The p o i n t s  a r e  d a t a  from 
indiv idua l  FT-IR s p e c t r a .  /I 

the temperature  of the  peak e v o l u t i o n  a r e  small. 
while t h e  h i g h e s t  rank bi tuminous c o a l s  peak a t  about 530°C. This  corresponds t o  
about a f a c t o r  of 5 i n  r a t e .  The d a t a  can be modeled wi th  a s i n g l e  source with a 
Gaussian d i s t r i b u t i o n  of a c t i v a t i o n  energ ies  (Fig.  3c) .  This  approach t o  modeling 
ind iv idua l  s p e c i e s  has  been d iscussed  previous ly  (22-25). 
low a c t i v a t i o n  energ ies  obta ined  from assuming a s i n g l e  f i r s t  o rder  process .  The 
r a t e  parameters  f o r  t a r  e v o l u t i o n  a r e  presented i n  Fig. 1. The second term i n  t h e  
exponent is t h e  width of t h e  gauss ian .  The t a r  rate p l o t t e d  i n  Fig. 1 f i t s  the  
bituminous and subbituminous c o a l s  bes t .  It is a l i t t l e  low f o r  t h e  l i g n i t e .  

The evolu t ion  d a t a  f o r  heavy a l i p h a t i c  gases  a r e  presented i n  Fig. 4. The 
peaks a r e  s l i g h t l y  wider than  f o r  t a r .  The high temperature  t a i l  on the  peak may be 
a n  a r t i f a c t  of t h e  experiment which i s  caused by gas  not immediately swept from t h e  
cel l .  This  t a i l  has  not  been modeled. Rank v a r i a t i o n s  i n  t h e  d a t a  are smal l .  The I 

lowest peak a t  50OoC i s  f o r  a l i g n i t e  and the  h ighes t  a t  540°C is f o r  a h igh  rank 
bituminous. Rank v a r i a t i o n s ,  t h e r e f o r e ,  can produce a f a c t o r  of 5 v a r i a t i o n s  i n  
k i n e t i c  r a t e  f o r  heavy a l i p h a t i c s .  A l i p h a t i c  e v o l u t i o n  i s  modeled i n  Fig. 4c. The 
r a t e  parameters are presented i n  F ig .  1. 

t o  90% of t h e  i n i t i a l l y  r e l e a s e d  v o l a t i l e s .  Thus, on the  b a s i s  of the  above 
r e s u l t s ,  rank  v a r i a t i o n  i n  i n i t i a l  v o l a t i l e  r e l e a s e  must be s m a l l .  

(22). 

The l i g n i t e s  peak a t  about 490°C 

It avoids  the  anomanously 

Tar and heavy a l i p h a t i c s  t y p i c a l l y  account f o r  50 t o  75% of t h e  v o l a t i l e s  and up 

Data f o r  a d d i t i o n a l  s p e c i e s  and ana lyses  of t h e  coa ls  w i l l  be presented i n  
S i m i l a r  rank i n s e n s i t i v i t y  w a s  observed f o r  CH4, CO, COz, C2H4 and H20. 

RAPID HEATING EXPERIMENT 

The r e a c t o r  c o n s i s t s  of a 1 / 4 "  diameter  s t a i n l e s s  s t e e l  tube which is heated 
e l e c t r i c a l l y .  Coal en t ra ined  i n  co ld  c a r r i e r  gas i s  i n j e c t e d  a t  the  top of t h e  
tube. The c o a l  i s  fed  using a previous ly  descr ibed  entrainment  system (3,g). 
coal-gas mixture  e n t e r s  t h e  heated s e c t i o n  of tube and h e a t s  rap id ly .  The hea t  
t r a n s f e r  r a t e  i s  l a r g e  because of t h e  small tube  diameter  and the  high thermal  
conduct iv i ty  and small heat  c a p a c i t y  of  the  helium c a r r i e r  gas .  
res idence  t i m e ,  the  r e a c t i n g  stream i s  quenched i n  a water  cooled s e c t i o n  of tube. 
The product c o l l e c t i o n  t r a i n  w a s  descr ibed  previous ly  (2,g). 
cyclone t o  s e p a r a t e  t h e  char  followed by a c o l l e c t i o n  bag t o  c o l l e c t  the  gas ,  t a r  
and soot .  The gas  from t h e  bag is analyzed by FT-IR and the  s o l i d s  and l i q u i d s  are 
c o l l e c t e d  on t h e  bag s u r f a c e  and i n  a f i l t e r .  

The temperature of the  gas has  been measured with a thermocouple under 
c o n d i t i o n s  of cons tan t  tube c u r r e n t .  A t  cons tan t  c u r r e n t ,  the  tube  w i l l  reach an 
equi l ibr ium temperature  such t h a t  t h e  power r a d i a t e d  is equal  t o  t h e  e l e c t r i c a l  
power input .  With gas o r  c o a l  f lowing i n  the  tube ,  the  tube  is i n i t i a l l y  c o o l e r  
than the equi l ibr ium temperature as hea t  i s  used t o  r a i s e  t h e  temperature  of t h e  
r e a c t a n t s .  When t h e  r e a c t a n t s  reach  t h e  equi l ibr ium temperature ,  t h e  o u t s i d e  of t h e  
tube reaches a cons tan t  temperature ,  so t h e  h e a t i n g  reg ion  is d i r e c t l y  observable .  

F igure  Sa shows t h e  measured gas  temperature  wi th  no c o a l  f low at  a tube 
e q u i l i b r i u m  temperature of 600°C. The g a s  v e l o c i t y ,  coa l  v e l o c i t y  and c o a l  p a r t i c l e  
temperature  have been c a l c u l a t e d  (F igs .  5a, b and c )  as f u n c t i o n s  of t i m e  and 
d i s t a n c e  assuming t h a t  the  c o a l  provides  no a d d i t i o n a l  hea t  load,  ( i n  agreement wi th  
only  a small change i n  t h e  observed temperature  of t h e  tube  e x t e r i o r  when c o a l  is 

The 

Af ter  a v a r i a b l e  

It c o n s i s t s  of a 
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introduced). 
ideal gas law. 
determined by applying Stokes and Newton's laws. 
calculated to be approximately 18 msec. 
msec and 21 msec respectively. 
temperature, are on the order of 3-5 milliseconds. 

Fig. 6. 
gas evolution data have been fit using the same rate (see Fig. 1) as for the low 
temperature experiment. 
same as previously used to model these coals in the constant heating rate experiment 
(2) and in the entrained flow reactor (z,g). 
optimize the parameters for the new data. 
could be improved with a higher rate (about a factor of 5 )  for the North Dakota 
lignite. 

previously described theory (23-25) which combines the weight loss due to the 
evolution of individual species (tar, paraffin, water, CO, etc). There is 
reasonable agreement with the data. To compare these data to the other data in 
Fig. 1, a single first order rate constant has been computed. The weight loss is 
dominated by the tar and aliphatic loss so this "rate constant for weight loss" 
should be between the rate for these two products as shown in Fig. 1. A minimum 
possible weight loss rate constant was derived by fitting the data as a single first 
order process assuming that the particles never accelerated above the initial cold 
gas velocity and were at the tube equilbrium temperature for the whole distance. 
This estimated rate is plotted on the low end of the vertical lines at 700, 800 and 
900°C. The Worst case assumptions, agree with Badzioch and Hawksley (A) and 
Freihaut (15) which were also done under conditions which favor high heat transfer. 
A higher rate is obtained by assuming that the coal is at the equilbrium tube 
temperature only for the time it takes to transit the hot section at the calculated 
velocity of the coal. This assumption over-estimates the rate because weight loss 
during heat up is neglected. This rate is plotted as the top of the vertical lines 
(700, 800, and 900°C). 
expected. 

The gas velocity is calculated from the measured temperature using the 
The coal velocity is obtained by integrating the acceleration 

The heat up time at 800OC is 
The heat up time at 900°C and 700'C are 16 

The times required to get from 60O'C to equilibrium 

Results for a North Dakota lignite and an Illinois 116 coal are compared in 
The data are for weight loss and aliphatic gas evolution. The aliphatic 

The parameters which describe the species amount are the 

No attempt has been made to 
The fit is good for the Illinois 116 but 

The weight loss data have been modeled (lines in Fig. 6c and d) using a 

They fall between the aliphatic rate and the tar rate as 

DISCUSSION 

Based on the information available it is possible to identify the probable 
cause for much of the scatter in Fig. 1. The data presented here confirm previous 
suggestions that coal kinetics are relatively insensitive to coal rank, ruling out 
rank variations as the cause. On the other hand, heat transfer limitations appear 
to be a primary factor. If the rate for tar evolution presented in Fig. 1 is 
correct, weight loss will be almost completed in 1 millisecond at 800'C. Any 
experiment which attempts to get data at higher temperatures must heat the coal from 
60OoC to the rea tion temperature in less than 1 msec, requiring heating rates in 
excess of 2-5x10SoC/sec. The weight loss measured in the entrained flow reactors at 
temperatures above 800' to 90OoC (12,23,25) most likely occurs during particle heat 
up. Support for this suggestion comes from the observation that the better the heat 
transfer in the experiment, the higher has been the reported rate. The high heating 
rate experiments reported here have yielded the highest kinetic rates reported at 
900°C. The new data are in reasonable agreement with the data of Badzioch and 
Hawksley (6) who used very fine coal and Freihaut (2) who dropped small amounts of 
coal alone, without cold carrier gas into a hot furnace. Both of these experiments 
provide high heating rates to moderate temperatures. Entrained flow reactor data of 
Maloney (19) and Solomon and Hamblen (26) show higher rates when helium (which has a 
high thermal conductivity) is used as the carrier gas rather than nitrogen. 
weight loss occurs at temperatures less than the reactor temperature, the reported 
data would shift to lower temperatures. 

measured the coal particle temperature during pyrolysis by two or three color 

If 

This explanation runs into trouble for three experiments ( ~ , ~ , ~ )  which have 
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pyrometry. So,  additional discrepancies exist which may be caused by such factors 
as mass transfer limitations or non-isothermal particle temperatures (a hot particle 
surface or hot soot or tar surrounding the particle). These possibilittes must be 
examined in more detail. 

CONCLUSIONS 

1. Kinetic rates for individual species evolution in coal pyrolysis at low and high 
temperatures are relatively insensitive to coal rank. 

2 .  
maximized. 

3 .  Lower rates at these temperatures and comparable rates at higher temperatures 
which have been reported from heated grid and entrained flow reactor experiments 
were most likely heat transfer limited. 

4. Comparable rates reported at higher temperatures in experiments which employ 
surface temperature measurements by two or three color pyrometry have not been 
explained. 

High kinetic rates were measured at 700 to 900°C when the heat transfer rate i s  
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Figure 2 .  FT-IR Spectra obtained during Pyrolysis for a Pure 
V i t r i n i t e  Maceral i n  1 Atmosphere of Nitrogen Flowing a t  0 . 7  
l i t e r h i n .  The Coal is Heated Rapidly a t  150aC and a t  30°C/min 
t o  9oooc. 
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DRYING AND DEVOLATILIZATION OF MISSISSIPPI LIGNITE IN A FLUIDIZED BED 

Pradeep K. Agarwal. Will.iam E. Gextti, Tam P. Lee 

Chemical Engineering Department 
University of Mississippi, University, MS 38677 

INTRODUCTION 

Fluidized bed combustion offers a means of burning coal and other low grade fuels 

Fluidized bed combustors can be made to reduce SO2 and NOx emission by suitable 
with high moisture and ash content in an economical and environmentally acceptable 
way. 
control of the combustion process eliminating the need for flue gas treatment (1,2). 

Low rank coals such as Mississippi lignite contain appreciable amounts of 
moisture in their "as-mined'' state. Hence, lignite particles being introduced 
into the combustor will undergo several processes before they are completely burned. 
These processes include, drying (with or without shrinkage), devolatilization, and 
combustion of volatiles and residual char. All these processes are expected to 
occur in overlapping time periods and their interactions are not well understood ( 3 ) .  

In this paper, a model is presented which describes the coupled drying and 
devolatilization of low rank coals in fluidized beds. Experiments are also performed 
in a three inch ID fluidized bed unit using alumina as bed particles to obtain data 
for drying and devolatilization of Mississippi lignite. The model predictions are 
then compared with the experimental data obtained. 

BACKGROUND 

The complexity of the drying process has led to large disparity between science 
and application (4). Based on the various mechanisms proposed for the movement of 
moisture in porous media, and at different levels of complexity and detail, several 
models have been reported. Dayan (5), however, points out that most of the models 
proposed may not be valid for intense drying conditions. 

In fluidized beds operating at high temperatures, the drying process involves 
finite sized particles and finite drying times. Hence, semi-infinite strip 
formulations and asymptotic time domain solutions may not be valid. Moreover, using 
the reported correlations for gas solid heat exchange within fluidized beds and the 
thermophysical properties of coal, it may be shown that the heat transfer Biot 
numbers - for particle sizes and operating conditions of interest in FBC - may also 
vary within the range of 1 to 20 (6). This implies that instantaneous surface heat- 
up boundary conditions may also not be valid. 

Rigorous and approximate methods for analyses of heat transfer problems with 
moving boundaries have been reviewed by Mori and Araki (7) .  
schemes have been proposed (8). However, numerical solutions have been found to be 
time consuming and difficult to implement. Additionally convective boundary conditions 
(of the second kind), which could reasonably describe the intense fluidized bed 
drying, have been noted to give rise to special difficulties both numerically as well 
as analytically (9,lO). 

Several numerical 
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Extensive reviews dealing with pyrolysis of predried coals are available in 
, literature (11, 12, 1 3 ) .  The majority of the studies have focused on the 

determination of the kinetic mechanism and parameters using pulverized coal. 
becoming increasingly accepted that the overall coal decomposition kinetics cannot 
be represented by simple nth order kinetic expressions because of two major reasons. 
The first is their inability to account for the observed final temperatue dependent 
yields and the second is the lower activation energies and preexponential factors 

It is 

‘ for the Arrhenius rate expressions (11,lZ). 

Large particle coal decomposition studies, which would involve consideration of 
the decomposition kinetics as well as transport processes, are comparatively few. 

’ Mechanisms proposed include heat ( 1 4 ,  15, 16) as well as mass transfer controlled 
\ devolatilization rates (17,M). Available experimental evidence for devolatilization 
% in inert atmospheres suggests that the total devolatilization time would be 

‘ proportional to d2, where d is the particle diameter. 
transport of heat as well as mass is represented in terms of Fo = at/d2, the 
experimental evidence does not directly distinguish between heat and mass transfer 
control. 

However, since the transient 

THE MODEL 

The proposed model for coupled drying and devolatilization of coal is based on 
the models proposed earlier for drying (6) and devolatilization of predried coal 
(19). 

The moisture and volatile species are assumed to be evenly distributed within 
The particle is assumed to retain its shape the spherical particle of radius Ro. 

during the process. 
transfer is assumed to be rapid. 
assumed to be the rate controlling mechanism for drying which is assumed to take 
place from a receding drying (phase change) front constituting a moving boundary. 

to be the rate controlling step for devolatilization. 

Devolatilization is assumed to be thermally neutral. Mass 
Heat transfer - to and through the particle - is 

~ Heat transfer in conjunction with the overall coal decomposition kinetics is assumed 

1 

\ 
From the time the wet coal particle is introduced into the fluidized bed, 

there would be two different stages which are analyzed separately in the following: 

When the wet coal particle is introduced into the fluidized bed, drying would 
~ 

commence almost immediately with the moving boundary constituting the drying front 
moving inwards. The heat conduction equation, with a constant effective thermal 
diffusivity, may be written for the dry shell region as 

The convective boundary condition (of the second kind) at the particle surface is 

dT 
k -  d r l  = h (Ta - Ts) for finite h and Ts # T 

r = R  

= a(t) in general 
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At the receding wet dry interface, a heat balance leads to 

The moving boundary may be immobilized by a transformation of the space 
variable as 8 = (r - r )/(R - : ).  Tine temperature profile, assumed to be quadratic 
vith coefficients evalzated'by tge initial and boundary conditions, may be found 
to be 

Use of the heat balance integral approach leads to an equation involving 
integrals which can be evaluated given the particle surface temperature as a function 
of time. The assumption that 2 pseudo steady state formulation (20) may be used to 
estimate the surface temperature then leads to the following governing equation 
to describe the drying 

Bdm3 + (D-El-B)dm2 + (C-B-D)d + B - C + El - A . F  = 0 5 )  

r 
where dm = 2- and the coefficients A, B, C, D, E and F are tabulated in Table 1. 1 

RO 

TABLE 1. Coefficients of the Governing Equation of Drying (Equation 5) 

The volumetric average fractional devolatilization is given by 

R 
O 2  I X r  dr 3 xc = - 

Ro O 

I '  
I 

where X is the point devolatilization expression given by the non-isothermal 
kinetic expression proposed by Anthony et&. (11) 
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m 
-E/RT X = / exp(-ko / e ) f(E) dE 

f(E) = [0(2n)']-~ exp[-(E - Eo) 120 1 
0 0 

2 2  
7) 

Recognizing that there would be no devolatilization in the wet region and that 

/ f(E) dE = 1, it may be shown 

Equation 8 may be integrated numerically with the temperature profile given by 
equation 4 to characterize devolatilization in the presence of simultaneous drying. 

Stage 2 

After the drying is completed, the particle would still devolatilize until the 
remaining possible devolatilization at the operating temperature is completed. 
Writing the heat conduction equation with time t = t - T, where T is the time 
required for the completion of drying 

O < r < R o  

The boundary conditions for finite Biot numbers may be written as 

= h(T, - Ts) dT k -  
drlr = R 

J 
The initial condition is derived from equation 4 with r = 0. Then 

Following the analysis methods described by Jakob ( 2 1 ) ,  it is possible to 
show that during this stage 

5i2 t _- 

where Bi's are the roots of the equation 

B cos 5 = (1 - Bi) sin B 

12a) 

12b) 
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sin Bi - Bi cos Bi r 
I ’  

2 2 A2=cos 6 (- - Bi) + 2 sin 5. - - . 
i Bi 1 Bi 

I I I t 
The temperature profile given by equation 12 may now be used in the expression 

for volumetric average fractional devolatilization to characterize the devolatili- 
zation in the second stage. 

The flow chart of the computational procedure is shown in Figure 1. 

EXPERIMENTAL APPARATUS, 

The fluidized bed used was 7 . 6  cm in diameter. The bed was filled to a static 
height of 12.7 cm with 6-10 mesh alumina beads. Preheated air/nitrogen, introduced 
into the bed through a perforated steel place distributor, was used to fluidize 
the bed. The air/nitrogen flow rate into the bed and the bed temperatures were 
measured by an orificemeter and thermocouples respectively. 
the experimental set up is given in Figure 2. 

A schematic diagram Of 

Large chunks of Mississippi lignite were broken and crushed to 4-7 mesh size. 
Samples were stored in polyethylene bags to prevent loss of moisture and shaken 
virorously to ensure a homogeneous mixture. 
analyzed on Fischer Proximate Analyzer to determine initial moisture and volatile 
content (given in Table 3 ) .  

Random samples were withdrawn and 

A cylindrical cage shaped sampler was constructed from woven mesh (10 mesh 
aperture size) of steel. 
removable cap. The sampler was provided with a handle to facilitate insertion into 
and withdrawal from the bed. 
with air as the fluidizing medium. Nitrogen, however, was used during the actual 
experiment to prevent combustion. The empty sampler was inserted into the bed to 
permit it to reach the bed temperature. It was then withdrawn, a batch of lignite 
particles was put into the sampler and the cap closed. The sampler, with the 
lignite, was inserted within the bed for the desired time period and then withdrawn. 
The lignite particles were quenched, weighed and analyzed for the residual amount 
of moisture and volatiles in the Proximate Analyzer. Several readings were taken 
for each time period to ensure reproducibility. 

The bottom of the sampler was fixed and the top was a 

The bed was brought up to the required temperature 

7 
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RESULTS AND DISCUSSION 

Experimental data for drying (6) for Mississippi lignite (for temperatures <200°C) 
and for devolatilization (22) of predried Mississippi lignite (for a different bed 
particle size and fluidizing velocity) have been reported earlier. The above are the 
limiting cases for the general model presented in this paper. 
presented earlier may be viewed in conjunction with the data presented here. 
comparison of the data for the coupled process - for drying (0) with model calcula- 
tions (-) and for devolatilization (0) with model calculations (- - -) - are shown 
in Figures 3 and 4 .  The parameters used in the present model calculations are the 
same as used in the studies of the phenomena examined separately (6, 2 2 )  and are 
tabulated in Table 3. 

Hence, the data 
The 

Table 3. 

I. Experimental Operating Conditions: 

u = 1.5  mls 
Initial volatile content = 0 . 5  gmlgm dry coal 
Coal Particle Sizes: 4-7 mesh (average d = 3.8 mm) 
Ta = 713'K - Bi = 3.0 
Ta = 613'K - Bi = 4 . 0  

Co = 0.68 gmlgm dry coal 

11. Kinetic and Thermophysical Properties ( 6 , 2 2 )  

T = 283'K X = 570 callgm 
TZ = 373'K 

2 
a = 0.1 mm 1 s  

ps  = 1.25 gm/cm3 

En = 192 kJ/mol 
C = 0.3 cal/gm°K 
P 

0 = 40 kJ/mol 

The agreement of the model calculations with the data is seen to be good. The 
heat transfer approach, as presented here, is felt to be adequate at least for low 
rank coals (with low tar yields). A more accurate representation of the phenomena 
would require the use of the coupled heat and mass transfer solutions to describe 
the drying. Mass transport may also have to be included in describing the 
devolatilization of other types of coal with higher tar yields. However, it must be 
recognized that for FBC there is also the need to couple the phenomena of combustion 
of volatiles and the residual char. Thus, simplicity in model formulations is 
essential in order to make a complete analysis tractable. The strength of the model 
presented here is its ability to provide a reasonably rigorous and computationally 
tractable base to formulate an integrated approach f o r  describing the various 
interactive processes occuring during the fluidized bed combustion of wet low rank 
coals. 

NOMENCLATURE 

A coefficient, defined in Table 1 
coefficient, defined in Table 2 
coefficient, defined in Table 2 2 coefficient, defined in Table 2 
coefficient, defined in Table 2 5 heat flux at the surface, wattslcm 

B coefficient, defined in Table 1 
Bi heat transfer Biot number, dimensionless 
C coefficient, defined in Table 1 

c1 coefficient, defined in Table 2 
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coefficient, defined in Table 2 
coefficient, defined in Table 2 
initial moisture content, gms moisture/gm dry coal 
specific heat of coal, cal/gm0K 
specific heat of water, cal/gm°K 
coefficiect, defined in Table 1 
particle diameter, mm 
coefficient, defined in Table 1 
activation energy, kJ mol-' 
mean activat.ion energy, kJ mol-' 
coefficient, defined in Table 1 
Fourier number, dimensionless 
Gaussian distribution function 
heat transfer coefficient, calfsec cm 9( 
pre-exponential factor in Arrhenius rate expression, sec 
thermal conductivity of coal, cal/cm secoK 
coefficients 
gas constant, kJ/mol9( 
particle radius, mm 
radial position of the drying front, mm 
radial position within a particle, mm 
temperature, OK 
ambient/bed temperature, OK 

temperature at the drying front, OK 

initial particle temperature, OK 
t - T ,  redefined time variable, sec 
time, sec 
fractional amount of volatiles retained 
devolatilization at any point within the volume of the particle 

2 
-1 

Greek Letters 

2 
a thermal diffusivity of coal, mm /sec + (r-re)/(Q-re), transformed space variable 
$m re/& 
T total drying time, sec 
e t/r, dimensionless time 
p s  particle density of the coal, gm/cm3 
x latent heat of vaporization of water, cal/gm 
k' defined in Table 1 

5i 
U standard deviation in activation energies, kJ mol-1 

ith root of equation 12b 

/ I  
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COAL LIQUEFACTION B Y  STEAM PYROLYSIS 

R o b e r t  A.  G r a f f  and S u s a n  D .  B r a n d e s  

The C l e a n  F u e l s  I c s t i t u t e ,  The C i t y  C o l l e g e  C U N Y  
New York ,  N Y  10031 

i n t r o d u c t i o n  

h a s  been  found t o  b e  p r e t r e a t m e n t  i n  s t e a m  a t  low t e m p e r a t u r e .  I n  
t e s t s  r e p o r t e d  h e r e ,  c o a l  is  p y r o l y z e d  i n  s t e a m  a t  a g r e s s u r e  o f  50 
atm. by  f l a s h  h e a t i n g  t o  t e m p e r a t u r e s  f rom 870 t o  980  C .  I n  t h e  
a b s e n c e  o f  p r e t r e a t m e n t  a b o u t  23% o f  t h e  c o a l ' s  c a r b o n  is c o n v e r t e d  t o  
l i q u i d  p r o d u c t .  I f ,  h o w e v e r ,  t h e  c o a l  is f i r s t  e x p o s e d  t o  50  atm. o f  
s t e a m  f o r  less  t h a n  30 m i n .  a t  t e m p e r a t u r e s  f rom 320 t o  36OoC, o v e r  
50% c a r b o n  c o n v e r s i o n  t o  l i q u i d s  is o b t a i n e d  i n  s u b s e q u e n t  p y r o l y s i s .  

-___ 
A key  t o  o b t a i n i n g  h i g h  l i q u i d  y i e l d s  i n  s t e a m  p y r o l y s i s  of  c o a l  

- E x p e r i m e n t a l  M e t h o e  

( F i g . 1 ) .  I n  o r d e r  t o  o b t a i n  r a p i d  h e a t i n g  o f  c o a l ,  t h e  s a m p l e  is h e l d  
i n  an e x t e r n a l  i n j e c t i o n  t u b e  w h i l e  t h e  r e a c t o r  i s  b r o u g h t  t o  
t e m p e r a t u r e  u n d e r  a f l o w  o f  s u p e r h e a t e d  s t e a m .  The r e a c t o r  i s  
c o n s t r u c t e d  o f  2 .5  cm i . d . ,  3.8 cm 0 . d .  304 s t a i n l e s s  s t e e l  p i p e  and 
is 25 c m .  i n  l e n g t h .  A t r a p  o f  -8 + 10 mesh q u a r t z  c h i p s ,  2 .5  cm 
d e e p ,  s u p p o r t e d  b y  a d r i l l e d  s t e e l  p l a t e  is  l o c a t e d  a t  t h e  c e n t e r  o f  
t h e  r e a c t o r .  H e a t i n g  is p r o v i d e d  b y  an  e x t e r n a l  f u r n a c e  a n d  e l e c t r i c a l  
w i n d i n g s .  R e a c t i o n  t e m p e r a t u r e  is  r e a d  from a t h e r m o c o u p l e  i n  a w e l l  
i n s e r t e d  from t h e  b o t t o m  o f  t h e  r e a c t o r  and i n  c o n t a c t  w i t h  t h e  t r a p .  

C o a l ,  h e l d  i n  t h e  i n j e c t i o n  t u b e  (5.lmm i . d . )  b y  two q u a r t z  wool 
p l u g s ,  is i n j e c t e d  i n t o  t h e  r e a c t o r  by  a p u l s e  o f  h e l i u m  o b t a i n e d  from 
a 32 .5  cc p u l s e  t a n k  c h a r g e d  t o  8 2  a tm.  b y  o p e n i n g  a s o l e n o i d  v a l v e  
f o r  a nominal  0.1 sec.  Upon i n j e c t i o n  i n t o  t h e  incoming s t r e a m  o f  
s u p e r h e a t e d  s t e a m ,  t h e  s a m p l e  i s  c a r r i e d  downward and  d e p o s i t e d  on t h e  
t r a p .  I t  is r a p i d l y  h e a t e d  b y  c o n d u c t i o n  from s t e a m ,  r a d i a t i o n  f rom 
r e a c t o r  w a l l s ,  a n d  b y  d i r e c t  c o n t a c t  w i t h  t h e  t r a p .  

r e a c t o r  o u t l e t  and  expanded t o  a t m o s p h e r i c  p r e s s u r e  w i t h  a r e s i d e n c e  
t i m e  of  3 t o  5 s e c o n d s .  A f r a c t i o n  o f  t h e  p r o d u c t  g a s  s t r e a m  is 
c o n d u c t e d  t o  an o n - l i n e  mass  s p e c t r o m e t e r  f o r  a n a l y s i s .  The o n l y  
c a r b o n  c o n t a i n i n g  g a s e s  o b s e r v e d  i n  s i g n i f i c a n t  amounts  ( o v e r  1%) a r e  
C O ,  COz,  and C H 4 .  The r e a c t i o n  i s  t e r m i n a t e d  b y  f l o o d i n g  t h e  r e a c t o r  
w i t h  h e l i u m .  F o l l o w i n g  s t e a m  p y r o l y s i s ,  t h e  r e s i d u a l  c h a r  is b u r n e d  
w i t h  oxygen a t  1 4  a tm and  t h e  amount  o f  CO p r o d u c e d  is u s e d  t o  
d e t e r m i n e  t h e  q u a n t i t y  o f  c a r b o n  r e m a i n i n g 2 i n  t h e  r e a c t o r  ( t h e  amount  
o f  CO p r o d u c e d  h a s  b e e n  f o u n d  t o  b e  n e g l i g i b l e ) .  

v o l a t i l e  y i e l d  is o b t a i n e d  b y  s u b t r a c t i n g  c a r b o n  d e t e r m i n e d  i n  
r e s i d u a l  c h a r  f rom t h e  c a r b o n  c o n t e n t  of  t h e  c o a l  s a m p l e  c h a r g e d .  The 
d i f f e r e n c e  be tween t h e  c a r b o n  y i e l d s  o f  t h e s e  g a s e s  and  t h e  t o t a l  
v o l a t i l e s  y i e l d  is a s c r i b e d  t o  l i q u i d s .  

Both  p r e t r e a t e d  and  raw c o a l  a r e  i n j e c t e d  i n t o  t h e  r e a c t o r  and  
p y r o l y z e d  f o l l o w i n g  i d e n t i c a l  p r o c e d u r e s  a s  d e s c r i b e d  above .  
P r e t r e a t m e n t  when d e s i r e d ,  is  c a r r i e d  o u t  i n  a p r e l i m i n a r y  s t e p  on t h e  
c o a l  c h a r g e d  t o  t h e  i n j e c t i o n  t u b e .  An a u x i l i a r y  h e a t i n g  m a n t l e  i s  

T h e s e  e x p e r i m e n t s  w e r e  c o n d u c t e d  i n  a b e n c h - s c a l e  b a t c h  r e a c t o r  

V o l a t i l e s  r e l e a s e d  f rom c o a l  a r e  c a r r i e d  b y  f l o w i n g  s t e a m  t o  t h e  

T h i s  i n f o r m a t i o n  is used  t o  c o n s t r u c t  a c a r b o n  b a l a n c e .  T o t a l  
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p l a c e d  a r o u n d  t h e  i n j e c t i o n  t u b e  which is t h e n  h e a t e d  t o  a b o v e  t h e  
s t e a m  c o n d e n s a t i o n  p o i n t  (264OC) w h i l e  c h a r g e d  w i t h  h e l i u m .  Steam i s  
t h e n  a d m i t t e d  t o  t h e  r e a c t o r ,  and i t s  f l o w  t h r o u g h  t h e  c o a l  s a m p l e  
r e g u l a t e d  by  t h e  v e n t  v a l v e  above  t h e  i n j e c t i o n  t u b e .  T e m p e r a t u r e  
d u r i n g  p r e t r e a t m e n t  i s  r e a d  w i t h  a t h e r m o c o u p l e  s p o t  welded  t o  t h e  
o u t s i d e  of  t h e  i n j e c t i o n  t u b e  and c o n t r o l l e d  b y  a d j u s t m e n t s  t o  t h e  
power s u p p l i e d  t o  t h e  a u x i l i a r y  h e a t e r  and  t h e  s t e a m  f l o w .  
P r e t r e a t m e n t  is t e r m i n a t e d  by  l o w e r i n g  t h e  t e m p e r a t u r e  w h i l e  f l u s h i n g  
w i t h  he l ium.  The s a m p l e  may t h e n  b e  i n j e c t e d  a t  a n y  t i m e  w i t h o u t  a n y  
i n t e r v e n i n g  e x p o s u r e  t o  a i r .  

I n  s e p a r a t e  e x p e r i m e n t s  i t  h a s  b e e n  d e t e r m i n e d  t h a t  a 7 %  w e i g h t  
l o s s  o c c u r s  by  v o l a t i l i z a t i o n  d u r i n g  p r e t r e a t m e n t .  T h i s  i s  r e p o r t e d  
a s  p a r t  of  t h e  t o t a l  v o l a t i l e s  y i e l d .  Even t h o u g h  some f r a c t i o n  o f  
v o l a t i l e  m a t e r i a l  p r o d u c e d  d u r i n g  p r e t r e a t m e n t  is c o n d e n s a b l e  l i q u i d ,  
t h i s  h a s  n o t  b e e n  i n c l u d e d  i n  t h e  l i q u i d  y i e l d s  g i v e n  be low.  

Tes ts  were  c o n d u c t e d  u s i n g  a b a t c h  o f  I l l i n o i s  No. 6 c o a l  g r o u n d  
u n d e r  i n e r t  a t m o s p h e r e  t o  p a s s  2 0 0  mesh and  h a v i n g  t h e  f o l l o w i n g  
e l e m e n t a l  a n a l y s i s  ( w t .  % )  on a m o i s t u r e  f r e e  b a s i s :  6 9 . 1  C ,  5.2 H ,  
1 .2  N ,  3 . 0  o r g a n i c  S, 9.2 o r g a n i c  0 ,  1 2 . 3  m i n e r a l  m a t t e r . *  C o a l  was  
c h a r g e d  t o  t h e  r e a c t o r  w i t h  a m o i s t u r e  c o n t e n t  o f  2.3%. 

From 150 t o  250 mg. o f  c o a l  were  c h a r g e d  t o  t h e  r e a c t o r  i n  e a c h  
r u n .  C h a r g e s  l a r g e r  t h a n  250 mg. g i v e  l o w e r  l i q u i d  y i e l d s ,  p o s s i b l y  
e x c e e d i n g  t h e  a b i l i t y  o f  t h e  s y s t e m  t o  r a p i d l y  h e a t  i n j e c t e d  m a t e r i a l .  

F u r t h e r  d e t a i l s  o f  e q u i p m e n t  and m e t h o d s  a r e  g i v e n  i n  G r a f f ,  e t  
a l ,  ( 1 9 8 3 ) .  

E x p e r i m e n t a l  R e s u l t s  

r a n g e  of  p y r o l y s i s  t e m p e r a t u r e s  b o t h  w i t h  and w i t h o u t  p r e t r e a t m e n t .  
I n  each  c a s e  p y r o l y s i s  was c a r r i e d  o u t  i n  p u r e  s t e a m  a t  50 atm.  
p r e s s u r e  under  r a p i d  h e a t i n g  c o n d i t i o n s .  When t h e  c o a l  is  n o t  
p r e t r e a t e d ,  no more t h a n  a b o u t  23% o f  i t s  c a r b o n  i s  c o n v e r t e d  t o  
l i q u i d ,  t h e  same a s  h a s  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  p y r o l y s i s  
i n  an i n e r t  a t m o s p h e r e  a t  t h e  same p r e s s u r e  (Howard,  1 9 8 1 ) .  
P r e t r e a t e d  s a m p l e s  i n  F i g .  1 were  e x p o s e d  t o  50  a tm.  o f  s t e a m  f o r  30 
m i n u t e s  a t  t e m p e r a t u r e s  f rom 300 t o  36OoC. 
p y r o l y s i s  t e m p e r a t u r e  o f  a b o u t  94OoC, t h e  l i q u i d  y i e l d  is  more t h a n  
d o u b l e d  and t h e  t o t a l  v o l a t i l e s  y i e l d  i s  i n c r e a s e d  b y  a b o u t  2 0 % .  

While  some v a r i a t i o n  i n  t e m p e r a t u r e  d u r i n g  p r e t r e a t m e n t  c o u l d  n o t  
b e  a v o i d e d ,  i t  i s  p o s s i b l e  t o  g i v e  a p p r o x i m a t e  l i m i t s  w i t h i n  which  t h e  
p r o c e d u r e  is  e f f e c t i v e .  Steam was a d m i t t e d  when t h e  s a t u r a t i o n  
t e m p e r a t u r e  had b e e n  s a f e l y  p a s s e d ,  u s u a l l y  a t  a b o u t  30OoC. I f  t h e  
sample  was n o t  t h e n  a l l o w e d  t o  r e a c h  a t  l e a s t  320°,  l i t t l e ,  i f  a n y ,  
y i e l d  improvement  r e s u l t e d .  I f  a t e m p e r a t u r e  much a b o v e  360' was 
r e a c h e d  a t  any  t i m e ,  t h e  b e n e f i t s  o f  p r e t r e a t m e n t  were  l o s t .  T h e s e  
l i m i t s  a r e  l i k e l y  p e c u l i a r  t o  t h e  c o a l ,  t h e  p r e s s u r e ,  and t h e  e x p o s u r e  
t i m e  employed and a r e  e x p e c t e d  t o  b e  d i f f e r e n t  i f  a n y  o f  t h e s e  

F i g .  2 shows y i e l d s  o b t a i n e d  from I l l i n o i s  No. 6 c o a l  o v e r  a 

By t h i s  p r e t r e a t m e n t ,  a t  a 

t p a r a m e t e r s  a r e  c h a n g e d .  

*We t h a n k  Dr. Ronald  L i o t t a  of Exxon R e s e a r c h  and  E n g i n e e r i n g  C O . ,  
C l i n t o n ,  N J ,  f o r  t h i s  s a m p l e ,  i t s  p r e p a r a t i o n  and  a n a l y s i s .  
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For c o m m e r c i a l  p r o c e s s e s  s h o r t e r  p r e t r e a t m e n t  times w i l l  b e  
d e s i r a b l e .  T h i s  p o s s i b i l i t y  h a s  been  t e s t e d  i n  a few e x p l o r a t o r y  r u n s  
( T a b l e  1 ) .  Two r u n s  were  made f o r  1 5  min. o f  p r e t r e a t m e n t  and  two f o r  
5 min. of  p r e t r e a t m e n t .  Y i e l d s  a r e  more s e n s i t i v e  t o  p r e t r e a t m e n t  
t e m p e r a t u r e  a t  t h e s e  s h o r t e r  times t h a n  for t h e  30 min. p r e t r e a t m e n t s .  
I n  run E 1 1 3 ,  t h e  samp:e was p r e t r e a t e d  f o r  1 5  min .  a t  t e m p e r a t u r e s  
m o s t i y  a r o u n d  3 2 O o C .  Both  t o t a l  v o l a t i l e s  and  l i q u i d  y i e l d s  w e r e  
c o n s i d e r a b l y  l o w e r  t h a n  f o r  30 m i n .  p r e t r e a t m e n t s .  Y i e l d s  were  
b r o u g h t  i n t o  a g r e e m e n t  w i t h  t h e  30 min .  p r e t r e a t m e n t  i n  run E 1 1 4  by  
k e e p i n g  t h e  p r e t r e a t m e n t  t e m p e r a t u r e  m o s t 1 8  i n  t h e  330 t o  3 4 O o C  r a n g e .  
A 5 min. p r e t r e a t m e n t ,  m o s t l y  a t  a b o u t  3 4 0  C ,  g a v e  low v o l a t i l e s  y i e l d  
b u t  good l i q u i d s  y i e l d  ( E 1 1 5 ) .  When t h e  s a m p l e  was h e l d  a t  a b o u t  
3 5 O o C  f o r  t h e  5 min. p r e t r e a t m e n t ,  t h e  v o l a t i l e s  y i e l d  was r a i s e d  t o  
t h e  v a l u e  o b t a i n e d  i n  30 m i n . ,  l i q u i d  y i e l d  n o t  d e t e r m i n e d  ( E 1 1 7 ) .  

p r e t r e a t m e n t s  less t h a n  5 m i n .  i n  d u r a t i o n .  However, r e s u l t s  so  f a r  
s u g g e s t  t h a t  good l i q u i d  y i e l d s  c a n  b e  m a i n t a i n e d  w i t h  e v e n  s h o r t e r  
p r e t r e a t m e n t s .  

A s e c o n d  s e r i e s  o f  r u n s  were  made t o  t e s t  t h e  e f f e c t  o f  s a m p l e  
s t o r a g e  b e t w e e n  p r e t r e a t m e n t  and p y r o l y s i s  ( T a b l e  2 ) .  I n  r u n s  E 9 3 ,  95  
a n d  98 b a t c h  s a m p l e s  o f  a b o u t  o n e  gram were  p r e t r e a t e d .  A f t e r  c o o l i n g  
i n  h e l i u m ,  t h e  l i g h t  a g g l o m e r a t e s  which had formed were  e a s i l y  b r o k e n  
up  and s t o r e d  i n  s m a l l  v i a l s .  D u r i n g  h a n d l i n g  and  s t o r a g e ,  no 
p r e c a u t i o n s  w e r e  t a k e n  t o  e x c l u d e  a i r .  A f t e r  t h e  t ime p e r i o d  n o t e d ,  
t h e  s a m p l e  was r e a c t e d  i n  t h e  u s u a l  way. A l l  s a m p l e s  show v o l a t i l e s  
y i e l d s  less t h a n  t h a t  f o r  u n t r e a t e d  c o a l  and l i q u i d  y i e l d s  a b o u t  t h e  
same a s  u n t r e a t e d  c o a l .  One s a m p l e  (E126)  was c o n t a c t e d  w i t h  a i r  f o r  
o n l y  2 min .  a f t e r  c o o l i n g  i n  h e l i u m .  V o l a t i l e s  y i e l d  was s l i g h t l y  
h i g h e r  a n d  l i q u i d s  y i e l d  t h e  same a s  f o r  u n t r e a t e d  c o a l .  

g a s .  S t o r a g e  f o r  f o u r  h o u r s  i n  h e l i u m  ( T a b l e  2 )  g a v e  t h e  same 
v o l a t i l e s  y i e l d  a s  p r e t r e a t e d  and p r o m p t l y  i n j e c t e d  c o a l  (E120,  no 
l i q u i d s  y i e l d  a v a i l a b l e ) .  W e  h a v e  no e x p l a n a t i o n  f o r  t h e  a n o m a l o u s l y  
h i g h  y i e l d  i n  E 1 1 8  and h a v e  d i s r e g a r d e d  t h i s  r u n  f o r  t h e  p r e s e n t .  A 
s a m p l e  s t o r e d  f o r  18  h o u r s  i n  h e l i u m  g a v e  h i g h e r  y i e l d s  o f  b o t h  
v o l a t i l e s  and l i q u i d s  t h a n  p r g m p t l y  i n j e c t e d  c o a l  ( E 1 2 7 ) .  However ,  
t h i s  s a m p l e  was h e a t e d  t o  226 C and may h a v e  r e c e i v e d  f u r t h e r  e x p o s u r e  
t o  s t e a m  i n  t h e  m i n u t e s  b e f o r e  i n j e c t i o n ;  v e r i f i c a t i o n  o f  t h e  r e s u l t s  
o f  run  E 1 2 7  w i l l  b e  r e q u i r e d .  

S i x  c o a l  s a m p l e s  h a v e  b e e n  p r e t r e a t e d  i n  h e l i u m  a t o 5 0  a t m .  
p r e s s u r e .  I n  t h e  t e m p e r a t u r e  r a n g e  b e t w e e n  315 and 350 C an  i n c r e a s e  
i n  v o l a t i l e s  y i e l d  is o b s e r v e d  o v e r  t h a t  o b t a i n e d  f rom raw c o a l .  
Whether  t h i s  i n c r e a s e  is a s  much a s  t h a t  o b t a i n e d  from s t e a m  i s  n o t  
y e t  c e r t a i n ;  t h e  o n e  a v a i l a b l e  l i q u i d  y i e l d  is  n o t  b e t t e r  t h a n  f o r  
u n t r e a t e d  c o a l .  

D i s c u s s i o n  

i n  c o a l  below 3 5 O o C .  I n  s p i t e  o f  r e p o r t s  t o  t h e  c o n t r a r y  (vide 
-- i n f r a ) ,  t h e  p r e v a i l i n g  o p i n i o n  seems t o  b e  t h a t  l i t t l e  o f  i n t e r e s t  
o c c u r s  below t h i s  t e m p e r a t u r e .  For e x a m p l e ,  Brown and W a t e r s  ( 1 9 6 6 )  
s t a t e  t h a t  i n i t i a l  s o f t e n i n g  t a k e s  p l a c e  be tween 350 a n d  4 0 O o C .  
S i m i l a r l y ,  Neavel  ( 1 9 8 2 )  g i v e s  3 5 0 - 4 5 0 ° C  a s  t h e  r a n g e  i n  which p l a s t i c  

The e q u i p m e n t  u s e d  h e r e  i s  n o t  s u i t a b l e  f o r  s t u d i e s  o f  

I t  seems p o s s i b l e ,  h o w e v e r ,  t o  s t o r e  p r e t r e a t e d  c o a l  u n d e r  i n e r t  

___- 
I n  g e n e r a l ,  s c a n t  a t t e n t i o n  h a s  b e e n  g i v e n  t o  p r o c e s s e s  o c c u r r i n g  
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c o a l s  S o f t e n  a n d  become d e f o r m a b l e  when h e a t e d  i n  a n  i n e r t  a t m o s p h e r e .  
We have  o b s e r v e d ,  however ,  t h a t  o u r  s a m p l e  o f  I l l i n o i s  No. 6 c o a l  

l o o s e s  v o l a t i l e  m a t t e r  and  becomes  l i g h t l y  a g g l o m e r a t e d  d u r i n g  t h e  
P r e t r e a t m e n t  p r o c e s s  e v e n  a t  t e m p e r a t u r e s  as low a s  32OoC. 
C o n s e q u e n t l y ,  p l a s t i c  d e v e l o p m e n t  h a s  a t  l e a s t  b e e n  i n i t i a t e d .  T h a t  
t h i s  h a s  o c c u r r e d  a t  a n  u n u s u a l l y  low t e m p e r a t u r e  may b e  a r e s u l t ,  i n  
p a r t ,  o f  t h e  e l e v a t e d  p r e s s u r e  which  r e t a r d s  l o s s  o f  v o l a t i l e s .  Some 
c h e m i c a l ,  o r  p h y s i c a l  a c t i v i t y  o f  s t e a m  may a l s o  p l a y  a r o l e .  

The l i t e r a t u r e  d o e s  c o n t a i n  r e p o r t s  of  c o a l  a c t i v i t y  be low 35OoC 
( K i r o v  and S t e p h e n s 6  1 9 6 7 ) .  B e r k o w i t z  ( 1 9 5 7 )  r e p o r t e d  e x o t h e r r n s  
commencing n e a r  2 0 0  C which  r e a c h e d  a maximum b e t w e e n  260 a n d  28OoC 
and t h e  a p p e a r a n c e  of  s l i g h t  e x o t h e r m s  a r o u n d  3 2 0  t o  34OoC i n  t h e  
d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  o f  f i v e  b i t u m i n o u s  a n d  s u b - b i t u m i n o u s  
c o a l s .  Some v e r y  p ronounced  e n d o t h e r m s  a p p e a r  i n  d i f f e r e n t i a l  
s c a n n i n g  c a l o r i m e t r y  c u r v e s  a t  a b o u t  3OO0C f o r  v a r i o u s  c o a l s  
( p a r t i c u l a r l y  f o r  an  HVB c o a l  f rom I l l i n o i s )  p u b l i s h e d  b y  Mahajan ,  e t  
a l .  ( 1 9 7 6 ) .  

T h e r m a l l y  i n d u c e d  a l t e r a t i o n s  t o  t h e  o r g a n i c  s t r u c t u r e  o f  c o a l  a t  
low t e m p e r a t u r e  were  d e m o n s t r a t e d  b y  C h a k r a b a r t t y  and B e r k o w i t z  ( 1 9 7 7 )  

s a m p l e s  f o r  2 h r s .  a t  t e m p e r a t u r e s  a s  l o w  a s  15OoC p r o d u c e d  o b s e r v a b l e  
c h a n g e s  i n  c a r b o x y l i c  a c i d  y i e l d s  from which  i t  was c o n c l u d e d  t h a t  
i s o m e r  i z a  t i o n  was a 1 r e a d y  beg i n n i n g  . 
i n  vacuum c a u s e d  a r e d u c t i o n  i n  i t s  p y r i d i n e  s o l u b i l i t y  b e g i n n i n g  a t  
20OoC. 

T h e s e  l i t e r a t u r e  r e f e r e n c e s  s u g g e s t  t h a t  c o a l  i s  l a b i l e  a t  t h e  
t e m p e 3 u r e s  u s e d  i n  t h e  p r e t r e a t m e n t  p r o c e s s .  The l i m i t e d  
v o l a t i l i z a t i o n  a n d  a g g l o m e r a t i o n  o b s e r v e d  i n  t h e  p r o c e s s  may r e s u l t  i n  
p a r t  f rom bond r u p t u r e .  E l e v a t e d  p r e s s u r e  a c t s  t o  r e t a r d  v o l a t i l e s  

improve  t h e  a c c e s s i b i l i t y  o f  i n t e r n a l  d o n a t a b l e  h y d r o g e n  t o  f r e e  
r a d i c a l s  formed b y  t h e r m a l  r u p t u r e  ( f o l l o w i n g  t h e  d i s c u s s i o n  o f  
N e a v e l ,  1982)  i n h i b i t i n g  r e p o l y m e r i z a t i o n  and  r e s u l t i n g  i n  a p a r t i a l l y  
d e p o l y m e r i z e d  m a t e r i a l .  A l l  o f  t h e s e  e f f e c t s  c o u l d  o c c u r  d u r i n g  
h e a t i n g  i n  a n  i n e r t  a t m o s p h e r e  u n d e r  p r e s s u r e ,  a n d  we h a v e  o b s e r v e d  
i n c r e a s e d  v o l a t i l e s  y i e l d s  r e s u l t i n g  f rom s u c h  t r e a t m e n t .  I n  s t e a m ,  
t h e s e  e f f e c t s  may b e  enhanced  o r  s u p p l e m e n t e d  b y  o t h e r  p r o c e s s e s  
d i s c u s s e d  be low.  

P r e t r e a t e d  c o a l  h a s  b e e n  f o u n d  t o  b e  v e r y  s e n s i t i v e  t o  e x p o s u r e  
t o  a i r .  O x i d a t i o n  o f  c o a l  is known t o  r e d u c e  i t s  p l a s t i c  p r o p e r t i e s  
and  l o w e r  l i q u e f a c t i o n  y i e l d s ,  an  e f f e c t  a t t r i b u t e d  t o  t h e  f o r m a t i o n  
of  c r o s s - l i n k s .  A s i m i l a r  e f f e c t  may b e  o p e r a t i v e  when p r e t r e a t e d  
c o a l  i s  exposed  t o  a i r .  I t ' s  e x t r e m e  s e n s i t i v i t y  s u g g e s t s  t h a t  t h e  
m a t e r i a l  is somehow u n s t a b l e  and  q u i t e  s u s c e p t i b l e  t o  c r o s s - l i n k i n g  b y  
oxygen.  

Our o b s e r v a t i o n s  i n d i c a t e  t h a t  s t e a m  is  c o n s i d e r a b l y  more 
e f f e c t i v e  i n  p r e t r e a t m e n t  t h a n  a n  i n e r t  a t m o s p h e r e .  An e x p l a n a t i o n  
may b e  found i n  t h e  work o f  Ross  e t  a 1 . ( 1 9 8 2 )  who r e a c t e d  a n i s o l e  a t  
400°C i n  184 a t m .  ( e s t i m a t e d )  o f  D 0. A t  t h i s  t e m p e r a t u r e  t h e  
c a l c u l a t e d  h a l f - l i f e  o f  t h e  e t h e r  Z i n k a g e  f o r  t h e r m a l  r u p t u r e  is 29 
h o u r s .  Y e t ,  i n  d e u t e r a t e d  s t e a m  t h e  o b s e r v e d  c o n v e r s i o n  i s  a b o u t  30% 
i n  20  m i n u t e s .  To t h e  e x t e n t  t h a t  a n i s o l e  i s  a model f o r  e t h e r - a r y l  

, u s i n g  sodium h y p o c h l o r i t e  o x i d a t i o n .  H e a t i n g  o f  Ken tucky  h v b  c o a l  

\ S q u i r e s ,  e t  a l .  ( 1 9 8 3 )  f o u n d  t h a t  h e a t i n g  o f  I l l i n o i s  No. 6 c o a l  

A p a r a l l e l  e f f e c t  was o b s e r v e d  when s a m p l e s  h e a t e d  i n  f l o w i n g  
1 me thano l  were  s u b s e q u e n t l y  e x t r a c t e d  w i t h  p y r i d i n e .  
\ 

\ l o s s ,  p a r t i c u l a r l y  o f  h e a v i e r  s p e c i e s ,  i n c r e a s i n g  m o b i l i t y .  T h i s  may 

\ 
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i 
l i n k a g e s  i n  c o a l ,  t h i s  i m p l i e s  t h a t  s t e a m  h a s  t h e  a b i l i t y  t o  
" d e p o l y m e r i z e "  c o a l  b y  c l e a v i n g  t h e s e  t h e r m a l l y  s t a b l e  l i n k a g e s .  Ross  
( 1 9 8 3 )  h a s  f u r t h e r  found t h a t  s t e a m ,  under  t h e  same c o n d i t i o n s ,  
removes 4 0 %  o f  t h e  c o a l ' s  oxygen .  A l t h o u g h  h i s  work was c a r r i e d  o u t  
a t  h i g h e r  t e m p e r a t u r e s  and  p r e s s u r e s ,  i t  n e v e r t h e l e s s  s u g g e s t s  t h a t  
s tesrr .  h a s  i m p s r t a n t  c h e m i c a l  a c t i v i t y  i n  t h e  p r e t r e a t m e n t  p r o c e s s .  

Another  e f f e c t  a t  work i n  p r e t r e a t m e n t  is t h e  m u t u a l  s o l u b i l i t y  

o r d i n a r y  c o n d i t i o n s ,  t h e y  become m i s c i b l e  i n  a l l  p r o p o r t i o n s  a t  h i g h  
t e m e r p a t u r e  and p r e s s u r e  ( S c h n e i d e r ,  1 9 7 0 ) .  I n  t h e  n a p h t h a l e n e - w a t e r  
sys&em, f o r  e x a m p l e ,  t h e  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  i s  a s  low a s  
310 C a n d  100 a t m .  Even t h o u g h  m i s c i b i l i t y  may n o t  b e  c o m p l e t e  a t  
p r e t r e a t m e n t  c o n d i t i o n s  ( t h e  p r e s s u r e  i s  l o w e r )  wide  r e g i o n s  o f  
s o l u b i l i t y  a r e  l i k e l y .  T h i s  would h a v e  t h e  f o l l o w i n g  c o n s e q u e n c e s :  
t o  t h e  e x t e n t  t h a t  w a t e r  d i s s o l v e s  i n  t h e  p l a s t i c  o r  m o l t e n  c o a l ,  i t s  
m o b i l i t y  is i n c r e a s e d  t h u s  i m p r o v i n g  t r a n s f e r  o f  i n t e r n a l  d o n a t a b l e  
h y d r o g e n .  I t  a l s o  p l a c e s  w a t e r  i n t o  i n t i m a t e  c o n t a c t  w i t h  c o a l  f o r  
c h e m i c a l  r e a c t i o n ,  and makes i o n i c  r e a c t i o n s  p o s s i b l e .  To t h e  e x t e n t  
t h a t  l a r g e  a r o m a t i c  h y d r o c a r b o n  f r a g m e n t s  d i s s o l v e  i n  a w a t e r  p h a s e ,  f 

t h e  r a t e  of  t h e i r  r e p o l y m e r i z a t i o n  is r e d u c e d  by  d i l u t i o n .  

C o n c l u s i o n s  

o f  w a t e r  and  h y d r o c a r b o n s .  A l t h o u g h  m u t u a l  s o l u b i l i t y  i s  q u i t e  low a t  i 

From t h e  e x p e r i m e n t a l  r e s u l t s  and  d i s c u s s i o n  a b o v e ,  w e  c o n c l u d e  
t h a t  i m p o 6 t a n t  c h a n g e s  i n  t h e  s t r u c t u r e  o f  c o a l  o c c u r  a t  t e m p e r a t u r e s  ) b e l o w  350 C .  A l t h o u g h  a number o f  p o t e n t i a l  e x p l a n a t i o n s  may b e  
s u g g e s t e d ,  i t  seems l i k e l y  t h a t  c o a l  i s  p a r t i a l l y  d e p o l y m e r i z e d  d u r i n g  
p r e t r e a t m e n t ,  r e s u l t i n g  i n  h i g h e r  y i e l d s  o f  v o l a t i l e s  i n  a s u b s e q u e n t  
p y r o l y s i s .  The e f f e c t  i s  n o t  s o l e l y  t h e r m a l ;  t h e  p r e s e n c e  o f  w a t e r  
s i g n i f i c a n t l y  i m p r o v e s  p r o d u c t  y i e l d s .  

An e v a l u a t i o n  o f  l i q u i d  q u a l i t y  is  needed  t o  e v a l u a t e  t h e  f u l l  
p o t e n t i a l  o f  s t e a m  p r e t r e a t m e n t .  However, p r o v i d e d  t h e  l i q u i d s  a r e  o f  
a c c e p t a b l e  q u a l i t y ,  t h e  b e n e f i c i a l  e f f e c t s  o f  p r e t r e a t m e n t  a r e  s u c h  a s  
t o  i n c r e a s e  l i q u i d  y i e l d s  i n  p y r o l y s i s  t o  l e v e l s  o f  c o m m e r c i a l  
i m p o r t a n c e .  

A c  know1 edgemen t 
Much c r e d i t  is  d u e  t o  Mr. J o h n  Bodnaruk f o r  c o n s t r u c t i o n  and  

d e v e l o p m e n t  o f  t h e  e x p e r i m e n t a l  e q u i p m e n t .  T h i s  work was s u p p o r t e d  by 
t h e  U.S. D e p a r t m e n t  o f  E n e r g y  under  c o n t r a c t  DE-AC21-80MC14875. 

REFERENCES 

1. B e r k o w i t z ,  N .  ( 1 9 5 7 ) ,  "On t h e  D i f f e r e n t i a l  Thermal  A n a l y s i s  
o f  C o a l , "  Fuel, 36, 355.  

3. 

2 .  Brown, H . R .  and  W a t e r s ,  P.L. ,  ( 1 9 6 6 ) ,  "The  F u n c t i o n  o f  
S o l v e n t  E x t r a c t i o n  P r o d u c t s  i n  t h e  Coking P r o c e s s  1 - 
Y i e l d s  P r o p e r t i e s  and Mode o f  R e l e a s e  o f  C h l o r o f o r m  
E x t r a c t s , ' '  Fuel, 45, 1 7 .  

C h a k r a b a r t t y ,  S.K. and N .  B e r k o w i t z  ( 1 9 7 7 ) ,  " E a r l y  S t a g e s  
o f  Coal  C a r b o n i z a t i o n :  E v i d e n c e  f o r  I s o m e r i z a t i o n  
R e a c t i o n s , "  
No. 5 ,  1 0 7 .  

ACS D i v i s i o n  of  F u e l  C h e m i s t r y  P r e p r i n t s ,  22, 

108 



4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Deno, N.C., B.A. Greigger, L.A. Messer, M.D. Meyer, and 
S.G. Stroud (1977), Tetrahedron Letters, 1703. 

Deno, N.C., B.A. Greigger, and S.G. Stroud (1978) Fuel, 

Graff, R.A. and A.I. LaCava (1983) "Studies Toward Improved 
Techniques for Gasifying Coal," Annual Reports for 1982 and 
1983, USDOE Contract No. DE-AC21-80MC14875, in preparation. 

Howard, J.B. (1981) "Fundamentals of Coal Pyrolysis and 
Hydropyrolysis," Ch. 12, p.665 ff, in "Chemistry of Coal 
Utilization, 2nd Supplementary Volume," M.A. Elliot, Ed., 
John Wiley and Sons, New York. 

Kirov, N.Y. and J .  N. Stephens (1967), "Physical Aspects of 
Coal Carbonization," Ch. 12, Research Monograph, University 
of N e w  South Wales, Sidney Australia. 

Mahajan, OmP., A. Tomita, and P.L. Walker, J r .  (1976), 
"Differential Scanning Calorimetry Studies on Coal. 1. 
Pyrolysis in Inert Atmosphere," Fuel, 55, 63. 
Neavel, R.C. (1982), "Coal Plasticity Mechanism: Inference 
from Liquefaction Studies," in "Coal Science," M.L. 
Gorbaty, J . W .  Larsen, and I .  Wender, editors, vol. 1, p. 
1, Academic Press, NY. 

R o s s ,  D.S. (1983) private communication, November 30. 

Ross ,  D.S., D.F. McMillen, W.C. Ogier, R.H. Fleming and 
G.M. Hum (1982) "Exploratory Study of Coal Conversion 
Chemistry," Quarterly Report No.4, Feb. 19 - May 18, 

- 57, 455. 

p. 26 ff., DOE/PC/40785-4. 

Schneider, G.M. (1970) "Phase Equilibria in Fluid Mixtures 
at High Pressures," Advances in Chemical Physics, 17, 1. 
Squires, T.G., T. Aida, Y.-Y. Chen, and B.F. Smith (1983), 
"The Role  of Thermal Chemical Processes in Suoercritical 
Gas Extraction of Coal," ACS Division of Fuel Chemistry 
Prezints, 28, No. 4, 228. - -  

109 



- 
ry, - 
..-I 

m 
Ll 
0) 

V 
C 

n 
m 
Ll 

u 
c 

a, 
Ll 

r 

r 
rl 

m 

m 
m 

N 

N 
rl 

r 
N 
rl 

m 
m 

m 
m 
m 

- 
r - 
m 
Q 
m 
I 
3 
0 
m 

m 
d 

m 
3 
-4 
W 

II 
a - 
.r 

c 
- + c  
m -  
u c  
0 s  
b 
m 
V 
s 
CT 
cl 

.rl 

..-I 

N 
0 
U 

c o  o v  

> c p  
CS2 
o u  

u.:r  
W L  x -  
o c  
L I E  

at- 

dl 
U 

. u  
u c  
36 

-I 

xa 

r 

L 

a a  
W E C  
E o c  u b m  
m a  

.- 

urn 

a b 2  
.5 .: 

rl 

m 
i- 

m 
Q 
m 

rl 

0 
3 

i- 

m 

9. 

N 

m 

m 
N 

- 
F- 

m m 
m 
I 
0 
W 
N 

m 
3 - 
rl 
4 
W 

m 
V 
rl 
0 

* 
m 
m 
x 
d 
0 

..-I 

.r( 

W 

.r( 

,om 

.r( 

.- 

m 
Ll 
0 
CI 
VI 

W 
0 

u 
U 
m 
w 
w 
W 

N 

W 
-I 
P 
m 
b 

Q 

m 
W 

9. 

m 
cp 

W 

Ln 

W 

d 

m 
4 

m 

m 
d 

- 
P - 
0 
cp 
m 
I 

W 
m 
N 

m 

m 
3 
d 
W 

L l 3  

a 0  
V 

xm 

m w  
u .  
0 0  z 
o m  
E O  
3 c  .r( 

4 4  
W 4  
Z H  

C W  
m u  

m 
L l W  

a u  
C L l  a 
P)w 
W O  

.rl 

Ll 

m 
N 
m 

W 
cp 
m 

0 
r 
m 
I 

m 
i 
m 

LT 

P 
i 
i 
w 

110 

ul 

m 
ul 

P 

m 
N 

r 
m 
4 

9. 

In 

m 
N 

0 
N 
m 

Ll 
.r( 

4 

VI 
x 
W 

N 
rl 

m 

m 
P 

m 
m 
m 
I m 

W 
PI 

0 
m 

m 
m 
W 

9. 

m 
ul 

m 
Q 
rl 

P 

0 
N 

9. 

m 

9 
N 

cp 
3 
m 

Ll 
.A 
a 

m 
x 
TJ 

cp 

m 

m 
Y 

m 
m 
I 

m 

m 
m 
N 

0 
m 

m 
W 
m 

m 
cp 
Q 

cp 
N 
m 

Ll ..+ 
4 

m 
x 
m 
W 

m 
N 

m 
m 
m 
I m 

m 
N 

0 
m 

m 
m 
W 

9 
Q 
m 

f 
r-f 
m 

P) 
m 

m 
Ll 
c 
9. 

m m 
m 
I 
cp 
P 
N 

In 
rl 

m 
rl 
d 
w 

0: 
cp 
r 

m 
rl 
m 

W 
a 

m Ll 
c 
9. 

r 
r 
m 

m 
m 
I 

N 

m 
rl 

0 
N 
3 
w 

9 
cp 
IC 

m 
Ln 
N 

N 

0 
N 

9. 

r 

m 
m 

0 
N 
m 

Ll 
.r( 

a 

C 

E 
.r( 

N 

P - 
m 
m 
VI 

I 
rl 
3 
m 

ul 
3 

\D 
N 
3 
W 

m 
IC 
00 

m 

rl 
10 

P 

N 
4 

4 

N 

Q 

m 

N 
rl 
m 

P) 
a 

m Ll 
c 
m 
rl 

- 
t. 

N 
W 
m 
I 

m 
m 
N 

m 
4 

r 
N 
rl 
W 

I 
/ I  



111 



Coal: K ine t i c  Analys is  o f  Thermogravimetric Data-(11) 
by 

M.A. Se rage ld in  and Wei-Ping Pan 
Michigan Technological Un ive r s i ty  

Houghton Michigan, 49931 

INTRODUCTION 

It i s  customary t o  u s e  a thermogravimetric ana lyzer  (TGA) t o  determine the 

k i n e t i c  parameters dur ing  c o a l  decomposition. Seve ra l  workers [l-31 have 

however, shown t h a t  a d i f f e r e n t i a l  thermal ana lyze r  (DTA) which i s  used t o  

monitor t h e  change i n  en tha lpy  [ 4 ]  du r ing  decomposition can a l s o  be used t o  

eva lua te  t h e  exper imenta l  a c t i v a t i o n  energy E ,  t h e  o rde r  of r e a c t i o n  and t h e  

pre-exponential  f a c t o r .  This  work compares r e s u l t s  obtained us ing  a DTA t o  

those  obta ined  us ing  a TGA. For t h e  purpose of s t a t i s t i c a l  eva lua t ion  of t h e  

var iance  r e s u l t i n g  from us ing  t h e  two methods, t h e  e f f e c t  of a d d i t i v e s  was a l s o  

included. 

THEORETICAL 

The r a t e  of c o a l  d e v o l a t i l i z a t i o n  may be represented  a s  fo l lows  [4-61: 

dC 
= A(l-C)nexp[-E/RT] (1) 

where dC/dt i s  t h e  r a t e  of r e a c t i o n ,  C i s  t h e  f r a c t i o n  reac ted  (0 S C 5 1) .  A i s  

the  pre-exponential  f a c t o r ,  n i s  t h e  o rde r  of r e a c t i o n ,  E is  t h e  a c t i v a t i o n  

energy, R i s  the  gas  cons t an t  and T i s  t h e  abso lu te  temperature.  

be rearranged and modified t o  inco rpora t e  t h e  hea t ing  r a t e ,  dT/dt:  

Equation 1 can 

loge[ (dC/d t ) /  (l-C)"]=loge [A/(dT/dt)]-(E/RT) (2) 

A p l o t  of t h e  l e f t  hand s i d e  of equa t ion  (2) v s  (1/T) f o r  va r ious  assumed va lues  
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of n provides a number of curves.  

r e s u l t s  f a l l  along a s t r a i g h t  l i n e .  

The k i n e t i c  parameters a r e  obta ined  when the  

A number of such curves  a r e  shown i n  
( 

, Figures  1 and 2 .  However, t h e  va lues  of n and E shown i n  Table 1 were machine 

computed. The assumed va lues  of n were increased  from 0 t o  2 i n  f r a c t i o n s  of 

ten .  I n  DTA work C i s  t h e  r a t i o  of t h e  r e a c t i o n  en tha lpy  of t h e  sample a t  given 

temperature d iv ided  by t h e  t o t a l  sample en tha lpy ,  and i s  t h e r e f o r e  obta ined  by 

d iv id ing  the  a r e a  under t h e  peak a t  t h i s  temperature by t h e  t o t a l  peak a r e a  [ l ]  

a s  i l l u s t r a t e d  i n  Figure 3. 

EXPER-IMENTAL 

1. Mater ia l  

A subbituminous coa l  (-270 and +320 U.S. mesh) w a s  used which was provided 

by the  I n s t i t u t e  of Mineral  Research a t  Michigan Technological Univers i ty .  

\ The p r o p e r t i e s  of t h e  c o a l  are given elsewhere [7-81. 

The gas  atmosphere was oxygen-free n i t rogen  and was provided by the  

Matheson Company. The flow rate was f ixed  a t  50ml/min a t  STP. 

The a d d i t i v e s  were group 1 A  metal  sa l ts ,  c e r t i f i e d  grade Li2C03 from 
! 

Research Organic / Inorganic  Chemical Corporations;  k CO (anhydrous) from 
2 3  

Fischer  Chemical Company; and Na2C03 (anhydrous) from J . T .  Baker Chemical 

Company. 

1 

2 .  Apparatus 

A DuPont D i f f e r e n t i a l  Thermal Analyzer wi th  a 1200°C was used. The 

DTA was opera ted  a t  a l i n e a r  hea t ing  r a t e  of 20" C/min. 
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RESULTS AND DISCUSSION 

Table 1 summarizes va lues  of E and n f o r  t h e  temperature range (523-92310 

obta ined  us ing  bo th  DTG and TGA, a s  w e l l  BS t h e  e f f e c t  of a l k a l i  metal  s a l t s .  

The corresponding va lues  o f  n and E obta ined  us ing  DTA and TGA (method 2 )  show 

l i t t l e  va r i ance .  Both methods a r e  s i m i l a r  i n  t h a t  t he  o rde r  of r e a c t i o n  i s  

determined by t r i a l  and e r r o r .  The b e t t e r  agreement of E va lues ,  ob ta ined  by 

DTA and method 1 (TGA) j s  i n t e r e s t i n g  cons ider ing  t h a t  i n  t h e  l a t t e r  procedure,  

n was assumed equal  t o  u n i t y  i n  equat ion  1. 

To determine t h e  s i g n i f i c a n c e  of t h e  observed v a r i a t i o n s  i n  t h e  va lues  of 

t h e  a c t i v a t i o n  energy r e s u l t i n g  from t h e  use  of d i f f e r e n t  ins t ruments ,  methods 

and metal s a l t s ,  t he  va r i ance  w a s  analyzed us ing  an Anaylsis of Variance Table 

(Table 2 ) .  On t h e  b a s i s  o f  t h e  F- ra t io  t e s t  i t  was poss ib l e  t o  conclude t h a t  t h e  

var iance  due t o  t h e  methods and ins t ruments  was not  s t a t i s t i c a l l y  s i g n i f i c a n t .  

However, changing t h e  a d d i t i v e  type  produced a s i g n i f i c a n t  e f f e c t .  

The good agreement between corresponding va lues  of E and n may have been 

due t o  the  s i m i l a r i t y  of a DTA curve  and t h e  curve r ep resen t ing  the  r a t e  of 

conversion (dC/dt)  ob ta ined  us ing  a TGA [ 9 ] .  

t h e  maximum d i f f e r e n c e  tempera ture  AT 

same temperatures.  This  w a s  found t o  be the  case  (Table 3 ) ,  however, 

occurred a t  a s l i g h t l y  h igher  temperature.  

touching the sample ho lde r  which may have reduced t h e  a c t u a l  hea t ing  r a t e  of t he  

sample. This was not  expected t o  a f f e c t  t h e  measured peak temperature due t o  

t h e  smal l  r ad ius  of  t h e  sample [IO]. The shape of t he  sample holder  and loose  

packing i n  the  case  of t h e  TGA provided b e t t e r  contac t  between t h e  flowing gas  

and t h e  sample, which may have accounted f o r  t h e  occurence of (dC/dt)  a t  a 

lower temperature.  

Another f a c t o r  may have been t h a t  

and (dC/dt)max occurred a t  nea r ly  the  max i 

ATmax 

The thermocouple i n  DTA work w a s  

max 

Two o t h e r  DTA methods [ 2 , 3 ]  f o r  measuring E and n were a l s o  considered and 

found t o  be less a t t r a c t i v e  than t h e  method adopted i n  t h i s  work. Both involved 
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I 
measuring an i n f l e c t i o n  temperature,  T i ,  and t h e  temperature a t  which AT max 

occurred o f f  a DTA thermogram. 

p rec i s ion  would be low. 

very smooth. 

requi red  t o  eva lua te  E and t h e r e f o r e ,  t h e  r e s u l t s  would depend on t h e  hea t ing  

r a t e  combination used [5 ] .  

It was t h e r e f o r e  t o  be  expected t h a t  t h e  

This was e s p e c i a l l y  t r u e  when p l o t s  were smal l  o r  no t  

Also, i n  the  method proposed by Kiss inger  [2] two thermograms were 

CONCLUSIONS 

A DTA thermogram may b e  used t o  ob ta in  k i n e t i c  d a t a  given t h a t  t h e  va r i ance  

between DTA and TGA r e s u l t s  was s t a t i s t i c a l l y  i n s i g n i f i c a n t .  

1. 

2 .  

3. 

4. 

5. 

6. 

7 .  
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Table 1 

Kinetic Parameters: Influence of Method and Alkali Metal Salts 

Experimental TGA [ 7 ]  DTA 

Conditions Method 1 Method 2 

n n n 

Coal 1.0  50.922.3 0.5220.04 46.121.2 0.6 51.222.7 

Coal + Li co 1.0 35 .2 t3 .1  0.38tO.04 41.720.9 0 .4  39.622.2 

Coal + Na2C03 1.0 45.622.5 0.4420.04 43.121.1 0.5 46,622.6 

Coal + K2C03 1 .0  49.122.3 0.4820.04 45 .0 t1 .1  0 .5  50.422.6 

2 3  

E= KJ/mol ; n=order of reaction 

Table 2 

Analysis of  Variance Table (ANOVA) 

Source of Degree of Sum of Mean F-ration F-ratio 
Variation Freedom Squares Square (from table) 

F3,  6 , O .  95=4.76 

F2 ,  6 , O .  95=5.14 

Additive s 3 200.59 66.86 9.35 

Methods 2 17.88 8.94 1.25 

Error 6 42.89 7.15 

Total 11 261.36 

Table 3 

Furnace Temperatures at Which AT 

Experimental TGA [ 7 ]  DTA 

and (dm/dt)max Occurred max 

(dm/ d t ) max Conditions 

Coal 7 20K 753K 

Coal + Li2C03 698K 7 28K 

Coal + Na CO 708K 743K 

Coal + K2C03  713K 748K 

2 3  
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COLD ATROSPHLRE FYRCLYSIS CF PULVERIZED COAL US!NG 10.6pM LASER HEATING 

A:'Ballantyne, H. Chou, K.,Neoh, N:'Orozco, D. Stickler 

Avco Everett Research Laboratcry, Inc. 
2385 Revere Beach Parkway, Everett, MA 02149 

ABSTRACT 
P 

The pyrolysis behavior of three different coals was explored in a unique 
experimental arrangement that inhibited secondary reactions of the primary 
volatiles. They were transported as particulate suspensions in room temperature 

lO5K/s by a 10.6pm laser beam. This approach allows well-controlled heating with 
good timelspace resolution, and very rapid thermal quenching of primary volatiles 
by diffusion into the cold nitrogen. A key result is that gas phase C species 
account for less than one percent of the coal C although H2C comparable to the 
coal moisture content is evolved. Residual solids have proximate and ultimate 
analyses very close the raw coals but significantly enhanced solubility. 
appears that tarry volatiles are produced with minimal change in chemical bonding 
and recondense in the cold gas flow. 
of high molecular weight, with subsequent gas phase decomposition giving low 

\ nitrogen, and heated to particle temperatures in the range 1300-1800K at about 

It 

This suggests that primary coal volatiles are 

\ molecular weight products in hot atmospheres. 

INTRODUCTION 

The extensive measurements of coal devolatilization performed over the past '\ 

two decades have alnmt exclusively emplo ed onductive heat transfer from a hot 
environment to the coal sample under testfl-5F. This results in a significant 
volatile residence time in a hot environment, relative to the time scale required 
for particle devolatilization. Consequently, it is difficult to give assurance 
that the observed product species are in fact primdry volatiles. It is also 
unclear to what extent the composition of the gas environment used in various 
experiments affects primary volatile yield, and to what extent it reacts at 
elevated temperatures to stabilize volatiles as lower molecular weight or 
hydrogenated species. 

regimes corresponding to qulverized fuel combustion or entrained flow gasification. 

2ooOK.' Heated grid experiments have been limited in absolute heating rate and peak 
temperature, and e ve some uncertainty regarding coal particle tracking of the 
grid tenperature.lly Also, the physical scale of the heater and typical 
experiment time scales suggest that the primary volatiles may be cooled relatively 
slowly by diffusive mixng.' Flow tube reactors of course allow relatively rapid 
diffusion of rimary volatiles away from the parent particle, but into a hot gas 
en~ironrnent.(5.~*6) Further, the usual use of hot walls for the reactor renders 
particle temperature measurement by pyrometry questionable, and predictive 
approaches based on particle dispersion and heat transfer modeling are 
quantitatively uncertain. 

A third experimental approach uses radiative heating to establish particle 
temperatures sufficient for devolatilization measurements under high heating rate, 
high temperature conditions. Initial experiments used pulsed laser7!gTting of 
relatively large particles, followed by averaged product analysis.( 

It has also proven to be difficult to explore heating rate and temperature I 
L typically in the range 104-106 K / s ,  and with peak temperature approaching 
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Transient thermal diffusion into the bulk sample resulted in a wide range of 
thermal history contributing to thc total yield. 
more or less continuously from H2 to "tars". 
high powr, constant output infrared lasers has allowed the development of steady, 
entrained flow particle heating experiments. 
reactor concept, except that heating is radiative, with the carrier gas and local 
structures remaining cold. 

Radiative heating of an entrained flow of @)ticles allows several gains in 
experimental environment control and diagnostics. The primary advantage 
results from particle dispersion in a carrier gas, with gas heating occurring only 
indirectly, by diffusion from the radiation absorbing particles. This results in 
complete decoupling o f  bulk gas temperature from the particle heating rate and 
temperature. Consequently, primary volati les diffuse 'into a cold environment on a 
minimal time scale. It corresponds to 5ms or less for spherically symmetric 
diffusion from a 50pm nominal particle diameter in a room temperature N2 
atmosphere. The observed phenomenon o f  volatile jetting would result in much more 
rapid cooling. 
a practical minimum. This results in minimum decomposition or reaction of primary 
volatile species after leaving the parent particle. 
dilute entrained particle flow also allows the imposition of arbitrary 
temperature-time profiles by tailorin? of the spatial laser beam power 
distribution. This allows, for example, exploration of the relative effects of 
heating rate and final temperature on devolatilization behavior,. and 
correspondingly a possible gain in basic understanding of devolatilization 
mechanisms. 

The product appeared to range 
More recently, the availability of 

This is analogous to a flow tube 

While not instantaneous, the cooling time scale appears to approach 

Use of laser heating of a 

Structurally, the need for a hot walled flow confinement structure is 
eliminated. For one atmosphere experiments, no wall structure i s  required, with 
all flow control based on aerodynamic techniques. 
diagnostic and radiative heating access, and eliminates secondary wall radiation as 
a factor in direct particle temperature measurement. 

This allows very extensive 

EXPERIMENT DESIGN 

The overall experiment a proach was based on the time shared availability of 
a 15 KW CW C02 laser, (Avco H P L h ) . .  It provides a continuous output at 10.6pm 
wavelength, with power level adjustable by the user. 
dilute coal particle suspension transported in a room temperature'gas. 
shows the key experiment components in block diagram format. 
three major groupings: 
and diagnostics. These are discussed in sequence below. 

It was used to irradiate a 
Figure 1 

Fluid supply and flow control; radiative heating system; 
They break down into 

Fluid Supply and Flow Control 

This has as its purpose the establishment of a well defined, steady flow of 
A fluidized bed feeder is used as the 

The coal/carrier stream is delivered to 

pulverized coal entraiced in a carrier gas. 
primary coal supply, with the feeder supported on a precision electronic balance to 
give time averaged flow rate information. 
a nozzle designed to homogenize the particle dispersion and give a uniform velocity 
distribution. Dispersion was checked for space and time uniformity using H e N e  beam 
transmittance, and velocity monitored using an LDV. As shown in Figure 2, a shield 
flow was also used. 
oxidation reactions with the coal, and delocity matched to the core flow. This 
coaxial f l o w  passed through the heating and diagnostic volume, and was then 
collected using an extractor fan and particles filtered out before venting to the 
atmosphere. 

Nitro5en was chosen to avoid air entrainment and consequent 
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Coal p a r t i c l e  loading was chosen as a comproinise between uiiiform radiative 
heating across thc  flow, and s u f f i c i e n t  concentration t o  permit quant i ta t ive  
analysis of the expected g a s  phase vo la t i l e s .  
existence of an undisturbed poten t ia l  flow core fo r  measire:cents over a residence 
time up t o  30m, with high s p a t i a l ,  and Iic!:cc. time resolution. 
pa r t i c l e  heating r a t e  and l a se r  I)ea::: power as Shown in Figure 3.  
Resolution Paraiwter" p lo t ted  i s  equivalent t o  the  number of d i sc re t e  dat.a points 
obtainable a t  a givcn p a r t i c l e  heating r a t e .  
implies a smaller heat.ed volume, which f o r  fixed spa t i a l  resolution in the flow 
gives fewer data points.  
fuel applications reqtiire about lOKW delivered laser  power f o r  useful time 
resolution of da ta  points.  

Dimensions were chosen t o  ensuri. 

This i s  re la ted  t o  
The "Experimental 

For fixed input power, higher r a t e  

A s  s h o m ,  heating r a t e s  of d i r ec t  i n t e re s t  t o  pulverized 

Radiative Heating System 

The l aser  source used de l ive r s  an output a t  10.Gpm wavelength, with power 
adjustable up  t o  15KW. The output i s  s p a t i a l l y  nonuniform and requires opt ica l  
homogenization f o r  this experiment, although n o t  f o r  normal metalworking 
applications.  Optics a re  f ab r i ca t ed  from copper, highly polished, and ac t ive ly  
water cooled. 
the source beam t o  give a s p a t i a l l y  uniform s t ruc ture .  To provide r e l a t ive ly  
uniform pa r t i c l e  heating, t h i s  is s p l i t  i n to  two beam using a roof prism mirror. 
They are again re f lec ted  t o  c ross  a t  c i r ca  160 degrees in t h e  coal flow, defining 
the  heating zone. This gives uniform heating of both s ides  of the  pa r t i c l e s ,  and  
appears t o  be an adequate approach t o  4n steradian i l lun ina t ion .  
heating across the flow implies l imited beam absorption, resu l t ing  in s ign i f i can t  
(>90 percent) power wastage. T h i s  i s  absorbed o n  z i rconia  faced water cooled 
copper beam dumps, maintained a t  low temperature t o  avoid secondary thermal 
radiation. 

A beam in t eg ra to r  was used t o  s p a t i a l l y  overlay multiple segments of 

Uniform p a r t i c l e  

Diagnostics 

Diagnostic systems include monitoring of input flows and laser  power, real  
time optical  neasurenent of p a r t i c l e  conditions,  and pos t - tes t  analysis of gaseous 
and solid sa,nples. 
precision balance with the  f lu id i zed  bed feeder.  Gas flows are  s e t ,  and monitored 
using rotameters. 
system. 

As discussed above, p a r t i c l e  flow i s  inonitored using a 

Leser power i s  set a t  the source, using the  I iPLR control 

Pa r t i c l e  conditions a re  monitored using a s ing le  component L D V  and a 
Thece a re  mour,ted wi t t i  a sampling probe anti anc i l l a ry  sh ie ld  

The physical re la t ionship  of some o f  these components i s  shown in Figure 4 .  

two-color pyrometer. 
mirrors on a t raverse  system, set i ip t o  move the sampling point along the  f l ow  
axis.  
The velocity measure!nent i s  used t o  r e l a t e  posit ion t o  p a r t i c l e  heating time 
sca le .  I t  was found, as an t i c ipa t ed ,  t h a t  p a r t i c l e  velocity and as ve loc i ty  are 
defined by the nozzle source condi t ion ,  with downstrear heating cyfects 
negligible.  Pa r t i c l e  cloud ten:perature i s  monitored using a unique trio co lor  
pyrometer. I t  was bu i l t  ai-ouiid two cooled Pi4Ts with extended red sens i t i v i ty  
( a  5 850i).A), and was ca l ibra ted  in t i le ralt':e 670 t o  2000K. Use o f  a 10.61rn1 l a sc r  
heating source, and cooling O F  t h e  beam duinps t o  niiriiniize re-radiation, precludes 
d i r ec t  optical  i ntcrrerence effec; ts .  

ln te rpre ta t ion  o f  t he  pyroineter outpiit signal i i t  t h i s  experiment requires a 
p r ior i  knowledge of the p a r t i c l e  s i z e  d i s t r ibu t ion .  and some modcling of t h e i r  
tlierrnal bciia~,;oi-. Vzry qootl s!i<!tial rc::olk:tion, toqc1.hcr with cxtreniely lo\\, 
part i c 1 e 1 r ia t i  i ng , c o u  1 :I prcc 1 ~ t k  t hi s ti i f i i c ;I l I:y :',y jirescti i' i i n g  i n d  i v i il II n 1 p ai,[: i c 1 c 
rad ia tors  t o  the syst.c:::. Th.is was n o t  f e a s i h l c  .lor t l lc  product saiiiiiling approach 
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chosen, so an attempt uas made to provide a relatively monodisperse coal particle 
size distribution. 
such a distribution, together with the inferred pyrometric temperature. It is 
based on an area weighted sum of the predicted particle size group contributions at 
the two measurement wavelengths. 

through the heating volume) and spatial mean flux 500 w/cm2. 

Figure 5 shows results cf a prediction of radiative heatingaf 

For this calculation, the heating source beam is 
s a triangular waveform, of duration 16ms (controlled by particlelcarrier gas flow 

2400 1 1 1 1 1 1 1 1 I  

- 
f 

6 1000 

600 

2000 2 4 6 8 10 12 14 16 18 20 

soow /cm= 

2 4 6 8 10 12 14 16 18 20 
"8" TIMEIMSEC) 

Figure 5 - Predicted Thermal History of Coal Particle Flow in  
Nitrogen, and Corresponding Radiation Temperature a t  
Pyrometer Wavelengths 

Particle thermal behavior is somewhat different in this environment than in 
, a hot flow experiment. The low thermal inertia of small particles, relative to 

their surface area, results in a rapid initial temperature rise. However, the 
achievable steady state temperature decreases with decreasing particle size, due to 
increased thermal diffusive loss to the cold carrier gas. 
particles roughly track the spatial flux distribution of the laser beams. 

temperature. Local slope discontinuities in the curves for 50 and 70pm particle 

for the size distribution, but not included on the plot. Heat transfer from 
particles to gas results in limited gas temperature change, in this case from 300K 
to 400K. The predicted radiation temperature curve is shown as a dashed line. It 
is close to the temperature of the mass mean particle size, and hence may be a 
useful indicator of nean temperature. However, the wide distribution of 
temperatures of the various size partricles during. the transient heating period 
renders direct inference of kinetic rates difficult, except for the case of a 
nearly monodisperse supply. Use of the fluidized bed feeder, while appropriate 
from a feed rate and control viewpoint. may have exagerated the size distribution 
via preferential elutriation. 

Flow sampliny; was based on a simple tubular stainless steel probe, aligned 
coaxially with the flow. 
shield rnirrrors, as shown schematically in Figure 2. 
was used, as the sanipled particles were in a cold gas environment, and additional 
cooling would be ineffective. 
t o  capture condensed phase material, and samples taken of the clemed gas stream 
using one liter pyrex bottles. 
analysis included gas chromatography, and extensive measurement o f  the condensed 
phase material properties. This analysis is continuing, and further data will be 
reported separately. 

As a result, very fine 

1 Consequently, at longer times the larger particles can overshoot the fines in 

use of an assumed endothermic devolatilization 
I process. sizes r e ~ 8 ~ t o f r p ~  Curves for 20, 40, 60 and 80pm particles were also obtained 

It was protected from the incident laser beam using 
No probe cooling or quenchant 

The sample stream was drawn through a filter system 

A s  indicated on Figure 1, subsequent sample 
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EXPERIblE!iTAL RESULTS 

Data was taken ove r  a l i m i t e d  range o f  h e a t i n g  c o n d i t i o n s  us ing  t h r e e  coals; 
P i t t s b u r g h  No. 8 Wyoming sub-bituminous, and Montana Rosebud. Hea t ing  r a t e s  i n  
the  range 1-3 105K/s t o  temperatures i n  the  range 1000-2000K were obta ined,  w i t h  
hea t ing  t imes up t o  30 ms. 
coals  used. Whi le  c a l i b r a t e d  screen sample s i z i n g  was used i n  an e f f o r t  t o  
min imize the range o f  p a r t i r l e  s i z e  d i s t r i b u t i o n ,  sample a n a l y s i s  shows 
cons jde rab le  v a r i a b i l i t y .  (91 O v e r a l l ,  n e g l i g i b l e  gaseous p roduc ts  were observed, 
and no l i q u i d s  found. 
d i f f e r e d  f rom t h e  raw coa l ,  and s o l u b i l i t y  o f  t he  s o l i d s  was c o n s i d e r a b l y  
increased, w h i l e  ASTM u l t i m a t e  and p rox ima te  a n a l y s i s  o f  t he  b u l k  samples showed 
l i t t l e  change f rom t h e  raw coa ls .  

T e s t  c o n d i t i o n s  a re  g i v e n  i n  Table 1 f o r  t h e  t h r e e  

C o l o r  and p h y s i c a l  appearance o f  t h e  c o l l e c t e d  s o l i d s  

Gas A n a l y s i s  

Gas samples f rom a l l  t e s t  c o n d i t i o n s  were analyzed u s i n g  a chromatograph, 

gave d e t e c t i o n  l i m i t s  co r respond ing  t o  expected sample c o n d i t i o n s ,  t y p i c a l l y  
c a l i b r a t e d  usng a d i l u t e  m i x t u r e  o f  expected l i g h t  v o l a t i l e s  i n  n i t r o g e n  c a r r i e r . *  
T h i  

products  observed o t h e r  than  H20, which was found a t  c o n c e n t r a t i o n s  c o n s i s t e n t  
w i t h  t h e  r a w  c o a l  m o i s t u r e  c o n t e n t .  
f o u r  pe rcen t  o f  t h e  feed  c o a l  ca rbon  c o n t e n t  i s  conver ted t o  l i g h t  v o l a t i l e s  i n  
t h i s  environment, and t h a t  n e g l i g i b l e  f r e e  hydrogen was produced. 
r e s u l t s  f o r  two gas samples analyzed u s i n g  a f lame i o n i z a t i o n  d e t e c t o r .  
were chosen f o r  maximum h e a t i n g  and res idence  t i m e  c o n d i t i o n s .  
Wyoming sub-bituminous c o a l  gave l e s s  than  0.2 pe rcen t  carbon convers ion  t o  l i g h t  
v o l a t i l e s ,  and t h e  P i t t s b u r g h  No. 8 l e s s  than  0.01 percent .  S ince h e a t i n g  t i m e  and 
measured area mean temperature were comparable t o  those f o r  e x t e n s i v e  
d e v o l a t i l i z a t i o n  t o  l i g h t  spec ies  i n  h o t  gas environments, t hese  r e s u l t s  suggest 
t h a t  t he  p r imary  v o l a t i l e s  a re  o f  r e l a t i v e l y  h i g h  mo lecu la r  weight .  

TABLE 2 

AHALYSIS OF GAS SAMPLES FOR VOLATILES 

10- a by  volume. A t  t h i s  l e v e l  o f  s e n s i t i v i t y ,  i n  no case were any gaseous 

These r e s u l t s  i m p l y  t h a t  n o t  more than  two t o  

Tab le  2 shows 
Samples 

As shown, t h e  

Coal 
Gas Concentration (ppml R s s  Vo la t i le  

Loading Carton 
CH4 C2H2 C2H4 CZH6 C3H6 C3H8 C4 f n  Np Yield 

Sample # 1 !iyming 49.7 2 16.4 7.6 5.0 2.0 NO* 0.025 t0.28 
/17OOX, 3Cas) 

S a m p l e t l l P i t t i l 8  8.9 NO 2 NO NO NO NO 0.075 t0.018 
(1560K. 3hsI 

YD I < 1 ppm. resolution l i m i t  o f  G.C. 

So l i ds  A n a l y s i s  

C a p t u r e d ' s o l i d s  were examined i n  s e i e r a l  ways, a t  v a r i o u s  l e v e l s  o f  d e t a i l .  
These inc lude  v i s u a l  obse rva t i on ;  p a r t i c l e  s i z e  ana lys i s ;  ASTM u l t i m a t e  and 
prox imate ana lys i s :  FTIR spect roscopy** ;  and s o l v e n t  e x t r a c t i o n .  
u s i n g  SECl o f  t h e  c o l l e c t e d  s o l i d s ,  GPC o f  t h e  s o l v e n t  e x t r a c t ,  and p a r t i c l e  s i z e  
a n a l y s i s  has been i n i t i a t e d ,  and w i l l  be r e p o r t e d  separa te l y .  

F u r t h e r  s tudy  

* Species C a l i b r a t e d  were: 
C3H4, C3H6, C3H8, CqHx, HpS, C i s .  

H 0, H2, Cop, CO, CH4, C2H2, C2H4, 

I 

** Per fo txcd  by  Advanced Fuel  Research, East  H a r t f o r d ,  CT. 
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Both raw coal and heated samples were gathered on the sample filters using 
the complete feed, flow, and sampling system. These raw coal samples were used for 
subsequent baseline analysis. 
Progressive tendency to clump or cake on the filter elements and a distinct color 
shift from black toward dark brown; Results of proximate and ultimate analysis Of 
various coal samples are given in ,able 1. These are readily summarized, as 
indicating very little or no change in properties between raw coal and radiatively 
heated samples, except some moisture loss from the Montana Rosebud samples. Since 
samples were stored in the laboratory environment, with no control of atmospheric 
moisture absorption, the measured H20 content is perhaps not surprising. 
analysis* of Wyoming samples 1, 5, and 9 of Table 1 gave no discernable indication 
of structural bond changes between the raw coal and extensively heated samples. 

Solvent extraction tests were carried out, using a reflux o f  stabilized THF* 
i n  air at one atmosphere pressure. Temperature in the extraction volume was about 
310 to 320K, and reflux period was typically two hours. Results are given in Table 
1. 
radiatively heated samples had significantly .increased solubility, relative to the 
parent coals. 
showed similar behavior. 
attained preclude direct comparison, there may also be some decrease in yield with 
increasing coal rank. 
soluble fraction with increased heating rate or peak temperature, which is related 
to size distribution as well as heating environment. 

Visually, samples subjected to heating showed a 

FTIR 

Dried extract was typically a brown to black tarry material. Overall, the 

Some limited extractions with MEK and with hot dilute NaOH/H20 
While the range of heating rates and temperatures 

Also, for each coal, there may be a trend toward increased 

D I S C U S S I O N  

The observations given above are consistent with a phenomenological picture 
of evolution of primary volatiles from the heated particles as high molecular 
weight compounds. Rapid diffusion of them into the cold gas atmosphere minimizes 
secondary dec m osition, and results in some homogeneous nucleation and 
condensation.Tl7 Sample withdrawal through a fine filter results in capture of a 
mixture including decomposed coal particles, volatile condensate particles, and 
trapped volatile vapors. The volatiles, possibly together with a direct 
contribution from the heated coal- particles, appears to be the component extracted 
by solvent treatment. This is supported by preliminary SEM images of fresh and 
solvent extracted solid material samples. The soluble product yield is observed to 
be generally lower than the ASTM proximate analysis, and much lower than volatile 
yield observed at high heating rate and temperature conditions. This may be due to 
the effect o f  particle size distribution on achievable particle temperature, shown 
in Figure 5. In particular, preferential elutriation of fines from the coal feeder 
could result in most of the input solids feed being temperature limited by 
diffusive heat transfer to the gas while a minor fraction of coarse particles 
provides the pyrometer signal, as well as pyrolysate. 

are of high molecular weight, with the gaseous products in other experiments 
resulting from secondary decomposition or reactions in hot environments. 
proximate and FTIR results can be interpreted as suggesting that the 
devolatilization process may involve very limited chemical bond breaking or 
rearrangement. 

Based on these observations, it would appear that primary volatile species 

Also, the 

(1) Resulting particles are small, and equilibrate at low to moderate 
temperature in the heating volume. 

* Tetrahydrofuran; suggested by Or. Peter Solomon of Advanced Fuel Research. 
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CONCL U S I O I ~  

Use o f  an h i g h  pcwered l a s e r  as  a means o f  p r o v i d i n g  a c o n t r o l l e d  heat ing 
environment f o r  p a r t i c l e s  j n  a gas f l o w  has been shown t o  be p r a c t i c a l .  
approach a l l ows  decoupl ing o f  t h e  p a r t i c l e  h e a t i n g  f rom f l u i d  stream mix ing  and gas 
composit ion and temperature.  I t  a i s 0  a1 lows cho ice  o f  background gas composition, 
f o r  example f o r  s tudy  o f  h i g h  temperature heterogeneous r e a c t i o n s .  
background gas temperature a l s o  a l l ows  r a p i d  c o o l i n g  of vapor phase products, and 
the  p o t e n t i a l  f o r  s e l e c t i v e  gas phase r e a c t i o n  c o n d i t i o n s .  

observable gaseous products ,  and enhanced s o l u b i l i t y  o f  t h e  s o l i d  product . '  Also, 
t he  s o l i d  product  showed m in ima l  change i n  p rox ima te  and u l t i m a t e  analyses r e l a t i v e  
t o  t h e  raw coa l ,  and min imal  change i n  i t s  FTIR spectrum. These r e s u l t s  suggest 
t h a t  pr imary d e v o l a t i l i z a t i o n  may occur w i t h  minor  change o f  chemical s t r u c t u r e  of 
t h e  o rgan ic  m a t e r i a l .  

Th is  

Choice o f  

Measurement o f  d e v o l a t i l i z a t i o n  behav io r  o f  t h r e e  c o a l s  r e s u l t e d  i n  no 
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Enhanced Ethylene Production v i a  F lash  Methanolysis of Coal 
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INTRODUCTION 

According t o  a r ecen t  r epor t ,  an es t imated  31 b i l l i o n  pounds of e thy l -  

ene was produced i n  the  U.S. a lone  (1). Ethylene i s  an important raw 

mate r i a l  i n  the  vas t  p l a s t i c  and polymer markets.  An upward trend i n  the  

demand f o r  e thylene  has been predic ted  f o r  t h e  f u t u r e  years .  Curren t ly ,  

e thylene  is produced mainly through thermal and c a t a l y t i c  hydrocracking of 

ethane and o the r  hydrocarbons. Although a l a r g e  amount of work has been 

performed on the  production of gaseous and l i q u i d  f u e l s  from c o a l ,  much 

l e s s  a t t e n t i o n  has been focused on the  production of e thylene  using coa l  as 

the  raw mate r i a l .  In  an on-going py ro lys i s  research  p ro jec t  a t  t he  Brook- 

haven Nat iona l  Laboratory,  the  methods t o  inc rease  the  y i e ld  of e thylene  

through f l a s h  methanolysis of c o a l  is  being inves t iga t ed .  F lash  methanoly- 

s i s  i s  def ined  a s  py ro lys i s  of c o a l  under p re s su re  i n  an  atmosphere of 

methane. This study a t tempts  t o  i d e n t i f y  the  in f luence  of important pro- 

ces s  va r i ab le s  such as  r e a c t i o n  temperature,  gas  p re s su re ,  s o l i d s  res idence  

t i m e ,  g a d s o l i d s  r a t i o  e t c .  on the  production c h a r a c t e r i s t i c s  of e thylene  

and o the r  py ro lys i s  products.  
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EXPERIMENTAL 

Much of the  work d iscussed  i n  t h i s  paper was done us ing  a New Mexico 

sub-bituminous coa l .  Other coa l s  of ranks varying from l i g n i t e  t o  bitumin- 

ous were used f o r  comparison purposes.  These inc luded  North Dakota l i g -  I 

n i t e ,  Wpodak i i g n i t e ,  Montana Rosebud sub-bituminous and I l l i n o i s  no. 6 

bituminous coa ls .  The proximate and u l t ima te  ana lyses  of these  coa ls  a r e  

g iven  i n  Table 1. 

T h e  methanolysis experiments were c a r r i e d  out i n  a h ighly  instrumented 

down-flow en t r a ined  tubu la r  r e a c t o r .  The r e a c t o r ,  made of Inconel  617 al- 

loy ,  is heated e l e c t r i c a l l y  by fou r  clam-shell type hea te r s  and designed 

f o r  a maximum pres su re  of 4000 p s i .  The d e t a i l e d  d e s c r i p t i o n  of t h e  

des ign ,  cons t ruc t ion  and ope ra t ion  of the r e a c t o r  has been published ( 2 ) .  

The schematic r ep resen ta t ion  of t h e  complete r eac to r  set-up is  shown i n  

Figure 1. Coal p a r t i c l e s  of 150 pm o r  l e s s  i n  d iameter ,  mixed with 10% by 

weight of Cab-0-Sil, are fed by g r a v i t y  a t  t he  r a t e  of approximately 500 

grn/hour i n t o  the  top  of t h e  1-in.-i .d.  by 8-ft-long r eac to r .  Methane is 

preheated t o  6OO0C be fo re  feeding  i n t o  the  tubu la r  r eac to r  held at i s o -  

thermal cond i t ions  along the  l eng th  of the r e a c t o r  a t  t h e  temperature of 

i n t e r e s t .  The gas samples could be taken from any one of t he  four  sample 

t aps  loca ted  a t  2 - f t  i n t e r v a l s  along the  length  of the  r eac to r  and analyzed 

v i a  an on-line GC. Products  heav ie r  than BTX (>Cg) a r e  c o l l e c t e d  i n  the  

water-cooled condensers and analyzed sepa ra t e ly .  The ind iv idua l  product 

y i e lds  are determined a s  percent  of carbon contained i n  the  feed coa l .  

/. 

RESULTS AND DISCUSSION 

Pyrolys is  of coa l  a t  temperatures h igher  than  6OO0C gene ra l ly  r e s u l t s  

i n  the  formation of l i g h t  hydrocarbon gases ,  oxides of carbon, BTX and 

t a r .  The product d i s t r i b u t i o n ,  however, depends on the  coa l  type ,  t he  pro- 

ces s ing  cond i t ions ,  t he  py ro lys i s  atmosphere and t h e  method of hea t ing .  
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A survey of the  recent  r e sea rch  l i t e r a t u r e  on coa l  py ro lys i s  and the  compo- 

s i t i o n  of var ious  py ro lys i s  products is a v a i l a b l e  ( 3 ) .  T r a d i t i o n a l l y ,  t he  

py ro lys i s  of coa l  has been c a r r i e d  out  i n  H2, H e ,  N2 o r  CO atmospheres; A r ,  

H20 and Cog have a l s o  been used i n  a few ins t ances .  Except the  previous 

r epor t s  from our l abora to ry  ( 4 ) ,  the  py ro lys i s  of coa l  i n  an atmosphere of 

methane, t o  our knowledge, has not been documented i n  the  l i t e r a t u r e .  The 

main i n t e r e s t  i n  t he  use  of methane as t h e  py ro lys i s  medium l i e s  i n  the  

f a c t  t h a t  f o r  hydrogenation of coa l ,  a l a r g e  resource  of n a t u r a l  gas can be 

used i n  the  place of hydrogen which h a s  no known n a t u r a l  sources .  

The f l a s h  methanolysis of N e w  Mexico subb i tuminous  coa l  a t  tempera- 

t u r e s  higher than 7OO0C, produced s i g n i f i c a n t  q u a n t i t i e s  of CO, e thy lene ,  

BTX and tar; smal l  amount of Cog a l s o  was de tec ted .  Methane produced due 

t o  pyro lys i s  of coa l  could not be d i s t ingu i shed  from the  en t r a in ing  methane 

gas .  I n  order t o  determine the  ne t  production o r  consumption of methane, a 

c a l i b r a t e d  mass flowmeter w a s  placed on the  methane i n l e t  t o  t he  r e a c t o r ;  

t he  experimental  set-up a l r eady  contained a c a l i b r a t e d  p o s i t i v e  d isp lace-  

ment meter a t  t he  r e a c t o r  o u t l e t .  The mole percent of methane i n  the  pro- 

duct-laden gases was determined v i a  GC ana lys i s .  The methane and t o t a l  gas 

flow da ta ,  at s t eady  r e a c t o r  ope ra t ing  cond i t ions ,  are shown i n  Table 2 f o r  

s eve ra l  runs .  The d i f f e r e n c e  between the  methane flows, ca l cu la t ed  from 

the  l imi t ed  da ta  a v a i l a b l e  and shown i n  the  l a s t  column of Table 2 ,  i nd i -  

c a t e s  a neg l ig ib l e  ne t  consumption or production of methane wi th in  the  l i m -  

i t s  of combined experimental  e r r o r s  which has been es t imated  t o  be approxi- 

mately *5%. 

A t  900°C and 50 p s i  t o t a l  gas p re s su re ,  21.4% of carbon i n  t h e  feed 

coa l  was converted t o  products of which approximately ha l f  w a s  made up of 

ethylene.  Table 3 

shows t h a t  t he  t o t a l  carbon conversion tends t o  inc rease  with pressure  up 

t o  200 p s i  before f a l l i n g  of f  t o  a lowest l e v e l  of ZO.O%C a t  500 p s i .  The 

decrease i n  t o t a l  conversion a t  500 p s i  is mainly due t o  t h e  decrease  i n  

the  y i e lds  of CO and e thylene .  There is very l i t t l e  v a r i a t i o n  i n  the  y i e l d  

The remaining products were BTX (2.9%C) and COX(8.5%C). 
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of C02 as a func t ion  of p re s su re .  The sepa ra t e  curves f o r  BTX and t a r  

y i e ids ,  i n  F igure  2, go through a maximum and minimum respec t ive ly  a t  2CC 

p s i .  An inc rease  i n  t h e  methane pressure  had an adverse e f f e c t  on t he  eth- 

ylene y i e ld .  A t  h igher  p re s su res ,  t he  hydrogenation of e thylene  t o  produce 

ethane is f a c i l i t a t e d .  

Table 4 shows the  e f f e c t  of r e a c t o r  temperature on t he  methanolysis 

product d i s t r i b u t i o n  and i l l u s t r a t e d  i n  F igure  3. There i s  a marked 

increase  i n  the  t o t a l  carbon conversion with inc reas ing  temperature;  t h i s  

i s  mainly due t o  a pronounced inc rease  i n  the  y i e l d  of e thylene  and BTX. 

A s  high as 12.7% carbon was converted t o  e thylene  a t  1000°C and approxi- 

mately 9% w a s  converted t o  BTX. In c o n t r a s t ,  py ro lys i s  i n  i n e r t  helium 

atmosphere produced only  2.2% e thylene  and 7% BTX under the  same condi- 

t i ons .  Thus, a t  1000°C, 5-6 times g r e a t e r  y i e l d  of e thylene  is  produced 

during f l a s h  methanolysis when compared t o  helium pyro lys i s .  When the New 

Mexico c o a l  was pyrolyzed in t h e  atmospheres of He o r  N2 or  CO, the  maximum 

y ie ld  of e thylene  ob ta inab le  a t  50 p s i  was approximately 6% and as shown i n  

Figure 4 ,  t he  maxima occurred around 900°C. A comparison of the  maximum 

y i e l d s  of e thylene  shows t h a t  more than twice the  amount of e thylene  is 

produced in an atmosphere of methane than any o the r  py ro lys i s  atmosphere's 

i nves t iga t ed .  The e thy lene  y i e l d s  from methanolysis experiments were some- 

what c l o s e r  t o  e thy lene  y i e l d s  from pyro lys i s  in o t h e r  atmospheres up t o  

80C°C. A t  temperatures h ighe r  than 800 OC, only methanolysis experiments 

recorded a continued inc rease  i n  the  y i e l d  of e thylene  with increase  i n  the  

r eac to r  temperature.  Th i s  c l e a r l y  i n d i c a t e s  the  e f f ec t iveness  of methane 

atmosphere f o r  enhanced y i e l d  of e thylene  during py ro lys i s  of coal.  Sever- 

a l  blank runs ,  in t h e  absence of c o a l ,  confirmed t h a t  r e a c t o r  walls do not 

ca t a lyze  the  decomposition of methane t o  form products ,  inc luding  e thyl -  

ene. Blank runs with p y r o l y s i s  char ,  coconut char  and Cab-0-Si1 add i t ive  

a l s o  showed no format ion  of e thylene  under t h e  same cond i t ions .  

.*  

I n  a d d i t i o n  t o  the  e f f e c t  of temperature and p res su re ,  the e f f e c t  of 

methane t o  coa l  feed r a t i o  on the  methanolysis product d i s t r i b u t i o n  was 

inves t iga t ed .  The r e s u l t s  are shown i n  Table 5. In these  experiments, t h e  
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methane feed r a t e  w a s  he ld  almost cons tan t  while varying the  coa l  feed 

r a t e .  This t a b l e  shows t h a t  an inc rease  i n  the  methane to  c o a l  feed r a t i o  

f avor s  the  production of e thylene  and BTX a s  wel l .  However, t he  e thylene  

concent ra t ion  i n  t he  product stream fol lows  an oppos i t e  t rend  as seen  i n  

Table 5 .  The maximum concen t r a t ion  of e thylene  ob ta inab le ,  under the  con- 

d i t i o n s  inves t iga t ed ,  is s l i g h t l y  over 2% and the  dependence of e thy lene  

concent ra t ion  on the  coa l  feed r a t e ,  r a t h e r  than on the  methane t o  c o a l  

feed r a t i o ,  is apparent .  

Using the  da ta  i n  Table 5 ,  a l i n e a r  r eg res s iona l  a n a l y s i s  w a s  made t o  

descr ibe  the  r e l a t i o n  between the  ind iv idua l  product y i e l d s  and the  meth- 

ane /coa l  feed r a t i o .  The following express ions  were obta ined:  

%C ~ 2 ~ 4  = 2.39 x + 3.11; R2 = 0.90 

%C H.C. G~~~~ 2.57 x + 3.05; R2 = 0.91 

xc BTX = 1.89 x + 1.30; R2 = 0.94 

% C  ~ ~ t ~ l  H.C.  = 4.46 x + 4.36; R2 = 0.93 

cox = 0.67 x + 3.89; R2 = 0.63 

%C ~ ~ t ~ l  con,,. = 5.98 x + 6.90; R2 0.90 

where x = methane/coal feed r a t i o  and R2 = t he  c o r r e l a t i o n  c o e f f i c i e n t .  

The r a t h e r  low c o r r e l a t i o n  c o e f f i c i e n t  f o r  COX is a t t r i b u t e d  to  e r r o r s  

occas iona l ly  encountered i n  the  measurement of CO dur ing  on- l ine  GC analy- 

sis of the product gases.  

The enhanced y i e l d  of e thylene  i n  f l a s h  methanolysis experiments pro- 

bably has a f r e e  r a d i c a l  o r ig in .  An abundance of thermal f r e e  r a d i c a l s  

from coa l  a t  e leva ted  temperatures f a c i l i t a t e s  t he  decomposition of methane 

t o  produce methyl r a d i c a l s  which can lead  t o  the  formation of e thy lene ,  

probably with an ethane in te rmedia te ,  as follows: 

R. + CH4 -) RH + CH3. (2) 

CH3. + CH3. - C2H6 ( 3  1 
C2H6 -> C2H4 + H 2  ( 4 )  
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High temperatures favor  r e a c t i o n  (4) i n  the  forward d i r e c t i o n  as wr i t t en .  

Other f r e e  r a d i c a l  r e a c t i o n s ,  l ead ing  t o  the  formation of h igher  hydrocar- 

bons and heavy m a t e r i a l s  a r e  a l s o  poss ib l e  which might expla in  the  increas-  

ed l i qu id  product y i e l d s  i n  these  experiments.  Since no ne t  consumption of 

methane w a s  no t i ced ,  i t  i s  reasonable  t o  assume t h a t  (1) a pa r t  of e thylene  

comes from coa l  due t o  thermal  e f f e c t s  as i n  the  case of s t r a i g h t  i n e r t  

helium gas  py ro lys i s  and (2)  t h e  remaining e thylene  comes from t h e  methyl 

r a d i c a l s  genera ted  from c o a l  which would have been converted t o  methane i n  

helium pyro lys i s  v i a  autohydrogenation e f f e c t .  I n  o the r  words, methane, at 

high concen t r a t ions ,  causes  p a r t  of t h e  c o a l  r a d i c a l s  t o  form e thylene  

ins tead  of methane. The methane formed from coal  appears t o  be i n  balance 

w i t h  t he  reac ted  methane gas .  For example, a t  1000°C and 50 p s i  helium 

pressure ,  t he  t o t a l  hydrocarbon gases y i e ld  was 10.9% (5.5% CH4 + 5.4% e th -  

ylene) which compares w e l l  w i t h  12 .1% t o t a l  hydrocarbon gases  (l2.O%C2H4 + 
O.lXC2H6) i n  Table 5 under an  i d e n t i c a l  gas to  coa l  feed ra t io .Thus  i t  i s  

seen t h a t  methane 2-28 as a s h u t t l e r  i n  methanolysis experiments.  

Table 6 summarizes t h e  r e s u l t s  of f l a s h  methanolysis of o the r  coa ls  

under i d e n t i c a l  t empera ture  and pressure  condi t ions .  D i f f i c u l t i e s  were 

encountered i n  c l o s e l y  c o n t r o l l i n g  the  coa l  feed r a t e s  dur ing  some exper i -  

ments a s  a r e s u l t  of which the  methane t o  coa l  feed r a t i o s  could not be 

kept uniform i n  a l l  ca ses .  A t  t h i s  t i m e ,  it is not known whether t he  

e f f e c t  of methane t o  coa l  f eed  r a t i o  on t h e  methanolysis product d i s t r i b u -  

t i on  from these  coa l s  is s i m i l a r  t o  what w a s  seen i n  the  case of New Mexico 

sub-bituminous coa l .  Apparently,  t he re  is no c l e a r  t rend  in t he  y i e lds  of 
e thylene  o r  BTX with r e s p e c t  t o  t h e  c o a l  rank. Cor re l a t ion  of the  da t a  

with v o l a t i l e  ma t t e r  c o n t e n t ,  f ixed  carbon o r  ash conten t  a l s o  d id  not 

revea l  any t rend .  For example, a comparison of t he  da t a  from the  two 

l i g n i t e s ,  ob ta ined  under similar r e a c t i o n  cond i t ions ,  i n  Table 6 ,  shows a 

wide v a r i a t i o n  in t h e  producer y i e l d s  d e s p i t e  t h e  f a c t  t h a t  t h e  proximate 

and u l t ima te  ana lyses  of t hese  coa l s ,  i n  Table 1, do not show any remark- 

ab le  d i f f e r e n c e  between them. The change i n  the  product d i s t r i b u t i o n  



between different coals might then be due to important structural differ- 

ences among the coals. This is supported by the recent findings of Calkins 

who was able to correlate the pyrolysis ethylene yields to polymetheylene 

Contents of coals successfully (5). 

CONCLUSIONS 

We have shown that there are definite advantages in the use of methane 
as an atmosphere in the flash pyrolysis of coal. At temperatures higher 

than 800OC, 2 - 5 times greater yields of ethylene is obtainable in methane 
atmosphere when compared to flash pyrolysis in an inert helium atmosphere. 
An enhancement in the yield of ethylene and BTX is seen at a lower coal 

feed rate. Since ethylene and BTX are important raw materials in the vast 
polymer and plastic markets, flash methanolysis of coal has potential pro- 

cess applications. 
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Table 2 

Mess Flovmetee Data 

Feed 
Run No. Pressure Temp. Uethane- Total Gasel  X Hethane Hethane- X Difference  

( p s i )  (OC) 1" 0" t in t h e  0"t in 
(SCYIM1n)l (SCFIHin) e x i t  gases (SCPIHin) CHq Flow 

643(2) 20 1000 0.88 1.06 

6.$4(2) 50 1000 0.93 1.06 

6 5 0 0 )  50 900 1.00 1.10 

82 0.87 -1.1 

88 0.93 0 

88 0.97 3 .O 

1) SCF- Standard Cubic Feet  a t  15OC and 1 atm. 
2 )  New Mxieo subbi tuminous  cos1 
3 )  Montana Rosebud sub-bituminous coal 

Table 1 

Analyses (Ut%) of Coals Used 

__ 
North Ill. New Hontena 

wyodak Dakota No. 6 Hexico Rosebud 
Sub-bi t .  Lignite B i t .  Sub-bi t .  Sub-bi t .  

Moisture* 

Proximate Analysia 

Dry Ash 

Dry V.H.  

Dry PC 

Ult imate  Andy618  

Carbon 

Hydrogen 

Nitrogen 

Sulfur 

oxygen- 

3.0 9.6 6.83 7.8 9.1 

10.0 10.0 12.4 22.8 11.8 

43.8 46.2 30.5 34.9 46.8 

46.2 43.8 49.1 42.4 41.4 

55.3 59.0 68.8 55.9 67.7 

4.1 4.0 5.0 4.3 4.8 

0.9 0.9 1.2 1.1 0.9 

0.9 0.5 3.4 1.0 2.2 

14.9 12.6 20.8 25.6 9.2 

A8 r e c e i v e d ;  ** By difference. 
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Table 4 

Plash Pyro lys i s  of New )(exico Sub-Bituminous Coal with Hethane 
Ef fec t  of Reactor  Temperature 

Run NO. 

Reactor  Preaeure (ps i )  
Coal Peed U t e  ( l b l h r )  
Methene Peed Bate ( I b l h r )  
Coal P a r t i c l e  Residence Time (see) 
MethanelCoal Rat io  

Reactor  Temperature (OC) 
685 
800 

50 
1.01 
4.1 
1.5 
4.1 

683 
800 

50 
0.99 
4 .os 
1.5 
4.1 

683 
850 

50 
0.99 
4.05 
1.5 
4.1 

683 
900 
50 

0.99 
4.05 
1 .I 
4.1 

692 
900 

50 
0.90 
4.15 
1.5 
4.6 

692 
950 

50 
0.90 
4.15 
1.5 
4.6 

692 
1000 

50 
0.90 
4.15 
1.5 
4.6 

684 
1000 

50 
I .oo 
4 .os 
1.4 
4.6 

2 Carbon Converted t o  Product 
c2Hs 6.1 5.1 10.2 10.0 8.9 12.6 12.7 12 .0  

c2f16 0.5 0 0 0 1.1 1.1 1.2 0.1 

BTX 0.6 0.8 , 2.1 2.9 3.1 4.2 8.8 9.0 

u) 5.2 5 . 2  5.7 6.8 3.8 4.2 5.4 8.0 

COZ 1.4 1 .5  1.8 1.7 1.3 1.3 1.2 1.7 
\ 

1 

Table 3 

Plaah Pyro lys i s  of New Mexico Sub-Bituminous Coal wi th  Methane 
Effect o f  Gas Presaure 

Pun NO. 
Reactor Temperature (OC) 
Reactor  presaurs (p.1) 
Coal Peed Rate ( I b l h r )  
Methane Peed Rata  ( l b l h r )  
Coal P a r t i c l e  Peliidence Time (see) 
MethanelCoal Ra t io  

I Carbon Converted t o  Product  
C Z t h  
c286 
9 8 8  

Total Gaacous H.C. 

BTX 
>c9 

T o t a l  Llquid H.C. 

co 
coz 

TOt.1 cox 

S u b t o t a l  

Char 
T o t a l  

683 
900 

50 
0.99 
4.05 
1 . S  
4.1 

10.0 
0.0 
0.0 

10.0 

2.9 
m 

- 

6.8 
1.7 
8.5 

21.4 

HD 

- 

454 
900 
1M) 

1.22 
3.5 .. 
1 .8 
2.9 

8.3 
1.4 
0.9 

10.6 

3.4 
6.9 

10.3 

4.6 
1.7 
6.3 

27.2 

ND 

- 

- 

- 

451 
900 
200 

0.85 
1.0 
2.7 
4.7 

7.1 
3.9 
0 

11.0 

6.5 
5.2 

11.7 

5.5 
2.2 
7.7 

30.4 

ND 

- 

- 

- 

424 
900 
500 

1 .os 
5.6 
3.0 
5.3 

4.3 
3.5 
0 
7 .8 

3.6 
7.1 

10.7 

0 
1 .5  
1.5 

20.0 

58.7 
78.7 

- 

- 

- 

- 



Table 6 

r i m  P ~ ~ O I Y * I .  01 m a i s  . i t n  wthan. 
Ell.st 01 COD1 1 Y P  

W d a k  W t h  OaLOta 
L I p" I t. Llpnl*. - 

722 122 7 n  ~ J I  731 IJI 

M M M M W W  
900 950 1000 900 950 (OW 

0.93 0.93 0.9) 1.00 1.00 1.00 
1.85 3.85 1.15 4.1 4.1 4.1 
1.6 1.5 1.5 1.6 1.1 1.5 
4.14 4.14 4.14 4.1 4.1 4.1 

- 
I I I Inol .  IM. 6 Uontanl Rosmbud 1 

8 1 t m l " O U I  s v b s  I ?"m I"OY, 

720 im no 71 71 108 
900 950 1000 930 910 1000 
M 50 50 50 50 50 

0.60 0.60 0.60 1.45 ! A 5  1.45 
1.88 5.118 J.118 3.81 1.81 J.81 
1.6 1.5 1.5 1.3 1.3 1.1 
6.5 6.5 6.5 2.6 2.6 2.6 

I 

s carbon Dnr.rt.d to PmdUEt 

7.6 8.9 11.0 4.0 4.5 5.1 4.5 7.0 11.1 4.1 4.9 6.2 
4.6 6 .6  9.9 1.1 2 . 4 ,  1.9 1.2 .O 12.s J.2 

l e a l  H.C. 12.2 15.5 29.9 5.1 6.9 9.0 6.1 15.0 1J.9 6.0 7.5 10.1 

m 1.0 9.1 8.0 5.1 8.6 9.6 2.2 2.5 J.4 4.0 5.1 6.1 
5.0 4.7 1.0 4.9 5.9 5.2 0.1) 0.8 0.9 2.6 2.1 2.5 

12.0 IJ.8 11.0 10.6 14.5 14.8 L O  3.5 4.5 6.6 1.6 8.8 

g _ - -  

_ _ _ - _ _ _ _ _ _ - - -  

Table 5 

Plash Pyrolyaia of N e w  Plerieo Sub-bituminous Coal with Methane 
effect of UerhanelCosl Ratio 

Run NO. 

Reactor Pressure (psi) 
Coal Peed Rare (lblhr) 
Hethane Peed Rate (lbfhr) 
Cool Particle Residence Time (aec) 
nethanclcaal Ratio 

I Carbon Converted LO Produet 

ReaECoC Temperature (OC) 
684 

1000 
50 

1.0 
4.05 
1.5 
4.05 

692 
1000 

SO 
0.90 
4.15 
1.5 
4.61 

103 
1000 
50 

1.89 
3.79 
1.5 
2.01 

704 
1000 
50 

1.9 
3.77 
1.5 
1.98 

105 
1000 
50 

2.77 
3 . 1 7  
1.5 
I .36 

706 
1000 
50 

5.08 
3.75 
1.5 
0.74 

c2Hq 12.0 12.7 9.0 10.4 8.3 1.6 

12.1 13.9 lE 10.4 8.3 4.6 
0.1 1.2 1.0 0.0 0.0 0.0 - -  

BIX 
Total B.C. 

co 

coz Totel cox 

S B . B 7 . 2 2 4 . 1 =  
21.1 22.7 17.2 16.1 12.4 6.8 

8.0 5.4 6.0 ND 5.1 2.2 
" 1 . 2 2 . 0 1 . 5 1 . 8 Q  
9.7 6.6 8.0 1.5+ 6.9 3.1 

Total 30.8 29.3 25.2 18.W 17.3 9.9 

Methane COncentr-Btlon ( I )  93 94 87 84 83 81 

Methane Partlal Presaure (pal) 46.5 41 43.5 62 41.5 40.5 

Ethylene Concentration (VolX) 1.1 1.1 1.7 1.9 2.3 2.3 
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F I G W  1. Schematic representation of the pyro lys i s  reactor. 
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INTRODUCTION 

Gasification a n d  combust ion o f  the  la rge  reserves o f  American l ign i tes  i s  a n  area 
of intense research. 
t he  c u r r e n t  p ro jec t  t o  build a n d  operate t h e  f i r s t  large-scale coal gas i f ie r  us ing  lig- 
n i tes  from Nor th  Dakota. 
understand and  p red ic t  t h e  behavior  o f  these coals. In th i s  paper,  t h e  ro le  o f  ion- 
exchangeable alkal i  a n d  alkal ine-earth metals in the  gas i f i ca t ion lpyro lys is  o f  l ign i tes  
i s  addressed. These cations, which a r e  pecul iar  t o  low-rank coals, a r e  known to  
have a s igni f icant in f luence o n  t h e  u t i l i za t ion  behavior  o f  l ign i tes .  Exchangeable 
metal cations have been found  t o  a f fec t  coal py ro l ys i s  ( 1 , 2 )  a n d  coal-char gasifica- 
t ion  ( 3 ) .  The  goal o f  t h i s  paper  i s  t o  i l lucidate the  way in which exchangeable 
cat ions a f fec t  coal gasi f icat ion in terms o f  t he i r  ro le  in coal pyro lys is ,  char  gasi f ica- 
t i on  and the  in te rac t ion  between t h e  two. 

T h i s  research, coupled w i th  economic incent ives,  has l ed  to  

However, much work i s  necessary in o r d e r  t o  b e  able to 

EXPERIMENTAL 

Pyro lys is  was ca r r i ed  o u t  in a di lute-phase entrained-f low reac tor .  
i s  a modified vers ion  ( 4 )  o f  tha t  u t i l i zed  by Scaroni e t  a l .  ( 4 ) .  
py ro l ys i s  to b e  s tud ied  u n d e r  high heat ing a n d  cool ing ra tes  ( 1 0 4  - lo5  K l s ) .  
these conditions, examination o f  py ro l ys i s  ove r  residence times f rom 0 . 0 3  to 0.30 
s a n d  a t  temperatures up t o  1300 K i s  possible. 
in o rde r  to  reduce t h e  ro le  o f  secondary reactions resu l t i ng  f rom contac t  between 
t h e  pyro lys is  products .  
mined by us ing  ash as a t racer .  
b e r  o f  workers (4,5,6). 
Free (DICF) bas is  in o r d e r  to  account f o r  t he  presence/absence o f  metal cat ions.  

The  system 
T h e  system al lows 

U n d e r  

Pyro lys is  occu rs  in a d i l u te  stream 

Because o f  exper imental  condi t ions,  weight  loss was de ter -  

Weight loss data a r e  repo r ted  o n  a D r y  Inorgan ic  Content  
T h i s  technique has been used  prev ious ly  by a num- 

In th i s  work,  f o u r  py ro l ys i s  atmospheres were u t i l i zed ;  t hey  a r e  n i t rogen,  air ,  
I t  should b e  noted tha t  t h e  volumetr ic f low ra tes  carbon d iox ide  a n d  wet-ni t rogen. 

and  gas velocities were the  same f o r  al l  f ou r  cases. 
is saturated n i t rogen  produced by bubbling dry n i t rogen  t h r o u g h  water a t  room temp- 
e ra tu re  ( 2 . 7 %  water by volume).  

T h e  wet-n i t rogen re fe r red  to  

A Montana l i gn i te  ( F o r t  Union Seam) was u t i l i zed  in t h i s  s t u d y .  Details o f  t he  
organic and  inorgan ic  analyses o f  t h i s  coal can b e  found elsewhere ( 2 ) .  
two types  o f  samples were u t i l i zed :  r a w  l i gn i te  a n d  acid-washed l ign i te .  
washing procedure,  50 g o f  raw l igni te,  w i th  a mean pa r t i c l e  size o f  46 pm, were 
mixed w i th  900 ml o f  0 . 1  N H C L  for 16-24 hours,  f i l tered, a n d  washed repeatedly.  
I t  was then re f l uxed  in 1000 ml  o f  bo i l ing  d is t i l l ed  water fo r  1 h o u r  to  remove excess 
HCL ( 7 ) .  

In t h i s  study, 
In t h e  acid- 

RESULTS AND DISCUSSION 

A i r  a n d  N i t rogen -- T h e  py ro l ys i s  of l ign i tes  in a i r  a n d  n i t rogen  wi l l  b e  discussed 
f i r s t .  Combustion in a i r  i s  t rea ted  separately because t h e  highly exothermic ox ida t ion  
reactions make i t  d i f f i cu l t  t o  con t ro l  a n d  p red ic t  pa r t i c l e  temperature.  
resu l t s  gained have t o  b e  discussed in terms of t h i s  exper imental  d i f f i cu l ty .  

* C u r r e n t  Address :  A t lan t ic  Research Corporat ion,  A lexandr ia ,  VA, 22314. 

Thus, t h e  

141 



T h e  resu l t s  for  p y r o l y s i s  o f  the raw and  acid-washed l ign i tes in a i r  and  n i t rogen 

the  ef fect  o f  t he  presence o f  a i r  a n d  the effect 
a t  1173 K can b e  seen in F i g u r e  1. 
resul ts  wi l l  b e  b roken  i n t o  two pa r t s :  
o f  metal cations in a i r .  

F o r  t h e  sake o f  c la r i t y ,  t he  discussion o f  these 

In F i g u r e  1, it can b e  seen t h a t  t h e  weight loss behavior  i s  dramatical ly d i f fe r -  
e n t  in a i r  when compared t o  n i t rogen.  
50% f o r  the acid-washed coal a n d  30% f o r  t h e  raw coal, b o t h  coals lose about 90% in 
a i r .  
a n d  a i r  occur  a t  v e r y  ea r l y  residence times. 
t ha t  the p y r o l y s i s  process dominates the  weight loss behavior. Because these in- 
creases in weight  loss in a i r  occu r  so rap id l y ,  there are, a t  least, three proposed 
mechanisms suggested: ox idat ion o f  p r imary  volat i les to  reduce secondary char-  
forming reactions, ox idat ion o f  unstable nascent sites in t h e  p y r o l y z i n g  cha r  ( S ) ,  
and /o r  increases in the r a t e  a n d  y ie ld  o f  py ro l ys i s  due  to  increases in par t i c l e  temp- 
eratures from ox idat ion reactions. 

While maximum weight loss in n i t rogen  a re  

It should also b e  no ted  t h a t  major d i f ferences between the behavior  in n i t rogen 
D u r i n g  th is  in i t ia l  period, it i s  assumed 

It can b e  seen that  t h e  presence o f  metal cations, in a i r ,  resul ts  in a decrease 
in t h e  r a t e  of weight  loss when compared to  the behavior o f  t he  ac id  washed l ign i te .  
F igu re  1 shows t h a t  a f t e r  approx iamte ly  0.05 s t he  acid-washed l ign i te  has lost 
80 w t% whereas the  raw l ign i te  has only  lost  about 3 0  wt%. It appears that  the reascn 
f o r  the observed inf luence o f  metal cations i s  a decrease in the  ra te  o f  vo la t i le  evolu- 
t ion  and, thus,  oxidation. T h i s  v iew is substantiated by the  observat ion tha t  metal 
cations have been shown to a f fec t  t h e  amount, ra te  o f  release and  chemical n a t u r e  
o f  t he  vo lat i le  material ( 1 , 2 ) .  From F i g u r e  1, it can also b e  seen t h a t  a f t e r  about 
0.15 s t he  two cu rves  obta ined f rom the r u n s  in a i r  become almost coincident. 

Wet-Nitrogen a n d  Carbon Diox ide -- Potential ly react ive atmospheres o f  carbon 
dioxide a n d  wet-n i t rogen were also examined. Analysis o f  l ign i te  behavior  in these 
atmospheres i s  somewhat simpler t han  in a i r  because o f  the lack o f  exothermic reac- 
t ions; especially in any  carbon gasif icat ion reactions (9) .  

F igures 2 and  3. 
ca rbon  d iox ide and  wet-n i t rogen a r e  presented. 
loss in n i t rogen  a n d  carbon d iox ide  a r e  similar b u t  they a re  greater  than in wet- 
n i t rogen.  T h i s  indicates, probably,  a slower heat ing ra te  o f  the par t ic les when wet- 
n i t rogen  i s  the secondary gas. Secondly, it i s  observed that, a t  some stage, s ign i f i -  
can t  weight loss ceases for  a l l  t h ree  gases. Th is  leve l ing o f f  occurs a t  about 39 wt: 
in carbon dioxide. 

The resu l t s  o f  p y r o l y z i n g  the l i g n i t e  in these two atmospheres can b e  seen in 
In F igu re  2,  t h e  resu l t s  fo r  py ro l ys i s  o f  t he  raw coal in ni t rogen,  

I t  can b e  seen that  in i t ia l l y  weight 

Results fo r  py ro l ys i s  of t he  acid-washed samples in the th ree  atmospheres a re  
presented in F igu re  3. In t h e  case o f  th is  sample, similar e f fects  o f  atmosphere on 
in i t ia l  weight loss are  observed. T h a t  is, in i t ia l l y  the weight loss in n i t rogen  a n d  
carbon d iox ide a r e  similar and, yet ,  g rea te r  than tha t  observed in wet-nitrogen. 
However, the most important observat ion i s  t ha t  there is l i t t le,  if any, e f fect  o f  a t -  
mosphere on f inal weight loss in the reactor .  A f te r  about 0 . 2 0  s th is  acid-washed 
l ign i te  loses almost 50 w t %  in a l l  t h ree  gases. 

If one compares F igures 2 and  3, a n  addit ional i n te res t i ng  resu l t  can be found. 
In a l l  cases, the presence o f  metal cations in the  l ign i te  causes a decrease in total 
weight loss in the reactor .  A l though  the re  is a s ign i f icant  increase in weight loss 
when the raw coal i s  py ro l yzed  in the  react ive gases, the largest  weight loss f o r  t he  
raw coal is about  40% while the acid-washed sample loses almost 50%. T h i s  is in con- 
t r a s t  to  the weight loss behavior  in a i r  where the raw and  acid-washed samples have 
similar we igh t  loss values a f t e r  about 0. 15 s. 
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A s  stated previously,  during py ro l ys i s  in wet-n i t rogen o r  carbon dioxide, it 
is  possible to  eliminate l a rge  di f ferences in pa r t i c l e  t ime-temperature h i s t o r y  as a 
source of differences in gasi f icat ion behav io r .  
t h e  observed behavior in these atmospheres a r e  re la ted  to  react ions of t h e  atmospheres 
w i th  the  py ro l yz ing  sol id surface a n d l o r  react ions w i th  the  vo la t i le  mater ia ls released. 
Of these two  explanations, it appears tha t  t he  second i s  more l i ke l y  t o  b e  dominant. 
T h i s  suggest ion ar ises f rom two observat ions.  F i r s t l y ,  t h e  increases in weight loss 
occur  most dramatically during t h e  in i t ia l  0.15 s when t h e  release o f  volat i le species 
should dominate the  coal's behavior.  Secondly, these gases appear  t o  have l i t t l e  
inf luence o n  t h e  ul t imate py ro l ys i s  behavior  o f  t h e  acid-washed l ign i te .  It has been  
shown t h a t  the  presence/absence o f  metal cat ions in l ign i tes  p ro found ly  affects t h e  
evolut ion of volat i le species a t  sho r t  residence times. 
cat ions enhances volat i le y ie ld  to  such a degree tha t  t h e  presence o f  t h e  var ious  gases 
has l i t t l e  o r  n o  ef fect  o n  t h e  observed behav io r .  

Therefore,  t he  two  major causes of  

Thus,  removal of t h e  metal 
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THE EFFECT OF INORGANIC SPECIES ON CHAR FORMATION FROF! BIOMASS FUELS 

W i l l i a m  F. DeGroot and Fred Shafizadcli’ 

Wood Chemistry Laboratory 
Un ive rs i t y  o f  Montana 

Missoula,  Montana 59812 

INTRODUCTION 

Inorgan ic  species n a t u r a l l y  present i n  biomass p lay  a dual r o l e  i n  terms o f  t he  
thermochemical p roper t i es  o f  biomass and i t s  char.  They d ramat i ca l l y  a f f e c t  t he  tem- 
pera ture  and ex ten t  o f  p y r o l y s i s ,  and many a re  e f f e c t i v e  c a t a l y s t s  f o r  combustion and 
g a s i f i c a t i o n  reac t ions  o f  t he  r e s u l t i n g  char.  
on the  e f f e c t  o f  p repy ro l ys i s  t rea tment  o f  wood w i t h  g a s i f i c a t i o n  ca ta l ys ts  has i n d i -  
cated t h a t  inorgan ic  species n a t u r a l l y  present i n  wood are  exchangeable w i th  ions  added 
from so lu t i on .  Glucuronic a c i d  groups which a re  present i n  the  hemicel lu lose f r a c t i o n  
o f  wood, p a r t i c u l a r l y  i n  the  a c e t y l  4-0-methylglucuronoxylans which comprise the  hemi- 
ce l l u lose  f r a c t i o n  o f  hardwoods, a re  th most l i k e l y  s i t e s  f o r  i on  exchange. 
phenol ic groups i n  the  l i g n i n  f r a c t i o n  are  another probable exchange s i t e .  Th is  study 
was undertaken t o  determine t h e  r o l e  o f  exchangeable ca t i ons  on char fo rmat ion  and t o  
fu r the r  examine the  na ture  o f  i o n  exchange i n  wood. 
acid-washed wood were t r e a t e d  wi th  so lu t i ons  o f  t he  two most p reva len t  n a t u r a l l y -  
occur r ing  inorgan ic  species i n  wood, calc ium and potassium; and the  e f f e c t  o f  t he  
treatments on the  thermal decomposition o f  t he  wood was determined by thermogravimetry 
(TG) and d e r i v a t i v e  thermogravimetry (DTG). The r e s u l t s  i n d i c a t e  the  mode of a d d i t i o n  
o f  g a s i f i c a t i o n  c a t a l y s t s  added t o  wood and t h e i r  ef fects on carbon iza t ion .  

Previous work i n  t h i s  l abo ra to ry  (1 )  

Free 

Thus, samples o f  un t rea ted  and 

EXPERIMENTAL 

The pr imary sample used i n  t h i s  study was a we l l -charac ter ized  sample o f  b lack  
cottonwood, Populus t r i chocarpa,  a common North American hardwood. Douglas fir, 
Pseudotsuga menze is i i ,  was used as a secondary sample t o  con f i rm  s p e c i f i c  t rends 
i n  a softwood species. 
retained. 

Samples were ground and sieved and the  20-40 mesh f r a c t i o n  was 
The chemical composi t ion o f  both samples i s  g iven  i n  Table I. 

TABLE I 
ANALYSIS OF WOOD SAMPLES AND THEIR ASH CONTENT 

Percent Percent Inorgan ic  Ana lys is  (ug/g wood) 
Species Ash L i g n i n  Na K Mg Ca Mn Fe 
Cottonwood 0.41 20.3 18 668 324 869 <5 5 
Douglas fir 0.10 27.4 3 32 53 314 20 <3 
Wood samples were t rea ted  w i t h  potassium carbonate o r  calc ium acetate f o r  TG ana lys is  
by  soaking i n  a 0.013 N s o l u t i o n  o f  t he  s a l t  f o r  30 minutes and removing excess s o l u t i o n  
by  f i l t r a t i o n  w i t h  suc t ion .  
wood was then s t i r r e d  f o r  30 minutes i n  d i s t i l l e d ,  degassed water t o  remove adsorbed 
s a l t s  and d r i e d  a t  4OoC under reduced pressure.  
wash was e l im ina ted  t o  p rov ide  samples t r e a t e d  a t  a l e v e l  beyond the  exchange capac i ty  
o f  the  wood w i t h  adsorbed s a l t s .  

Acid-washed wood and c e l l u l o s e  samples were prepared by p lac ing  10 g o f  t he  
sample i n  200 m l  of 0.1 N HC1 and s t i r r i n g  f o r  4 hours a t  room temperature. The 
suspension was then f i l t e r e d  and the  wood was washed w i t h  2 l i t e r s  o f  d i s t i l l e d  water,  
covered w i th  d i s t i l l e d  water and s t i r r e d  ove rn igh t .  

For p repara t i on  o f  ion-exchanged samples, t he  f i l t e r e d  

I n  some cases, t he  d i s t i l l e d  water 

The sample was f i l t e r e d  again, 

1 Professor Fred Shafizadeh, D i r e c t o r  o f  t h e  Un ive rs i t y  o f  Montana Wood Chemistry 
Laboratory, passed away October 1,  1983. 

146 



1 

! 

placed i n  a ce l l u lose  e x t r a c t i o n  th imb le  and washed f o r  4 hours i n  a Soxh le t  ex t rac to r .  
The sample was then d r i e d  a t  70°C under reduced pressure.  

Thermogravimetry was c a r r i e d  o u t  using a Perkin-Elmer TGS-2 system which was 
in te r faced  t o  a microcomputer f o r  data a c q u i s i t i o n  and temperature program con t ro l .  
For determinat ion o f  char  y ie lds ,  one m i l l i g r a m  o f  sample was heated i n  a p la t inum 
pan t o  the  des i red  temperature a t  25"C/min under f l ow ing  n i t rogen.  Th is  system was 
a lso  used f o r  ash determinat ions,  i n  which case the  sample was heated t o  550°C a t  
20°C/min under a mix tu re  o f  02 and N2 and he ld  a t  55OOC f o r  10 min. Ash determina- 
t i ons  made i n  t h i s  way agreed w i t h  those determined on a l a r g e  sca le  by standard 
methods t o  w i t h i n  0.02%. 

Surface areas o f  chars were determined g r a v i m e t r i c a l l y  using a Cahn R-100 
electrobalance ( s e n s i t i v i t y  = 0.1 119) equipped w i t h  a Cahn adsorp t ion  tube. 
were determined f o r  5-10 mg samples by mon i to r ing  carbon d iox ide  adsorp t ion  a t  room 
temperature. 
equat ion (2 ) .  

Isotherms 

Surface areas were ca l cu la ted  by a p p l i c a t i o n  o f  .the Dubinin-Polanyi  

RESULTS AN0 DISCUSSION 

The e f f e c t s  o f  a c i d  washing and add i t i on  o f  ca lc ium and potassium s a l t s  on the  
ash content,  char y i e l d  and decomposition temperature o f  cottonwood, Douglas fir and 
ce l l u lose  samples a re  shown i n  Table 11. 

TABLE I 1  
EFFECTS OF VARIOUS TREATMENTS ON MINERAL CONTENT. CHAR YIELD (HTT 600°C) 

AND TEMPERATURE OF MAXIMUM WEIGHT LOSS IN  WOOD AND CELLULOSE 

The ash contents o f  t h e  ion-exchanged 

Sample and Ash Content Char Y i e l d  Temperatur: o f  
Treatment (%, d.a.f.) (X ,  d.a. f . )  DTG Peak ( C) 
COTTONWOOD 

Untreated 0.40 t 0.03 12.8 f 0.1 387 f 2 
Acid washed, 0.1% HC1 co.01 9.8 f 0.4 379 f 1 
Acid washed, potassium added 

from so lu t i on  0.40 f 0.05 17.2 f 0.4 366 f 1 
Acid washed, calc ium added 

from so lu t i on  0.27 t 0.04 12.7 t 0.3 394 f 1 
Acid washed, ca lc ium and potas- 

sium added from s o l u t i o n  0.36 f 0.01 12.4 t 0.3 393 2 3 
Potassium added from s o l u t i o n  0.45 2 0.05 14.1 f 0.5 375 f 1 
Calcium added from s o l u t i o n  0.34 t 0.03 11.5 f 0.3 389 f 1 
Hot water, 6 h r .  @ 60°C 0.26 ?r 0.01 11.2 f 0.3 391 t 1 
DOUGLAS FIR 

Untreated 0.10 t 0.01 15.7 t 0.3 385 t 1 
Acid washed, 0.1% HC1 co.01 13.4 t 0.3 388 t 1 
CELLULOSE (CF-11) 

As rece ived co.01 5.4 t 0.3 367 f 1 
Ac id  washed, 0.1% HC1 <0.01 3.6 t 0.1 354 f 2 
Acid  washed, potassium added from 

s o l u t i o n  (no H20 wash) 0.09 f 0.04 10.6 t 0.1 392 f 1 
Ac id  washed, calc ium added from 

s o l u t i o n  (no H2O wash) 0.13 t 0.01 5.7 2 0.1 365 k 1 



cottonwood samples are  s i m i l a r  t o  t h a t  o f  t he  un t rea ted  sample, suggest ing t h a t  t he  
f a c t o r s  c o n t r o l l i n g  the  ash conten t  i n  wood a re  r e l a t e d  t o  some exten t  t o  ion- 
exchange capaci ty.  
- v c ~ y  case because the  wood has lower exchange capac i ty  f o r  t he  d i v a l e n t  calc ium 
ca t ion .  

Comparison o f  t he  char  y i e l d s  and decomposition temperatures o f  untreated, 
acid-washed and ion-exchanged cottonwood samples provides some i n s i g h t  i n t o  the  
ove ra l l  e f fec t  o f  i no rgan ic  species on char format ion,  as we l l  as con t r i bu t i on  o f  
s p e c i f i c  ca t ions  t o  the  o v e r a l l  e f f e c t .  
I1 t h a t  bo th  the  na tura l  ash components and the  ions  added from s o l u t i o n  s i g n i f i c a n t l y  
increase the  char y i e l d  above t h a t  obtained f o r  t he  ash-free sample. 
i n  char y i e l d s  from unt rea ted  and acid-washed Douglas fir samples i s  less ,  apparent ly  
because o f  t he  lower ash conten t  o f  t h a t  sample. 
a lso  has a profound e f f e c t  on t h e  phys ica l  p roper t i es  o f  t he  char.  
wood r e t a i n s  the  o r i g i n a l  c e l l u l a r  s t ruc tu re  o f  t he  wood, whereas the  o r i g i n a l  
s t r u c t u r a l  fea tures  o f  t he  wood a re  l o s t  dur ing  carbon iza t ion  o f  acid-washed wood. 
Chars were formed from several  subs t ra tes  under a v a r i e t y  o f  cond i t ions  i n  o rder  
t o  determine the  requirements f o r  l oss  o r  r e t e n t i o n  of phys ica l  s t ruc tu re .  
we found t h a t  t he  phys ica l  s t r u c t u r e  was l o s t  o n l y  i n  acid-washed wood samples and 
p a r t i c u l a r l y  when heated a t  h igh  r a t e s  (>50O0C/min). 
c e l l u l a r  s t r u c t u r e  even when heated a t  very  h igh  ra tes ,  however. 

Because o f  t he  poss ib le  imp l i ca t i ons  o f  l oss  o f  c e l l u l a r  s t r u c t u r e  i n  terms o f  
ava i l ab le  sur face  areas, we measured surface areas o f  chars prepared a t  h igh  
heat ing ra tes  f rom unt rea ted  and acid-washed samples of Douglas fir nd ce l l u lose .  
A l l  o f  t he  samples had t o t a l  sur face  areas o f  between 800 and 1000 m?/g, i n d i c a t i n g  
the  t o t a l  a v a i l a b l e  sur face  area i s  n o t  s i g n i f i c a n t l y  reduced due t o  l oss  o f  c e l l u l a r  
s t ruc tu re  i n  the  wood. 
s t ruc tu re  i n  the  acid-washed wood i s  counteracted by foaming o f  t he  in te rmed ia te  char 
dur ing carbon iza t ion .  

ions,  which r e s u l t e d  i n  an 80% increase i n  char  y i e l d ,  even a t  t he  low concent ra t ion  
a f fo rded by i o n  exchange. 
more l i k e  t h a t  o f  t he  un t rea ted  sample, which suggests t h a t  ca lc ium content s t r o n g l y  
inf luences the  char y i e l d  i n  t h i s  sample. 
decomposition temperature adds f u r t h e r  support  t o  t h i s  hypothesis.  
reduces the  temperature o f  decomposition, w h i l e  ca lc ium treatment increases the  
decomposition temperature. Therefore, the h igher  temperature o f  decomposition o f  
untreated wood compared t o  acid-washed wood can be a t t r i b u t e d  t o  the  dominant e f f e c t  
of calc ium on the  decomposition. 
so lu t i on  (0.007 N i n  each) g ives  r e s u l t s  very s i m i l a r  t o  those found f o r  the  ca lc ium 
treatment, which i nd i ca tes  t h a t  t he  ca lc ium i s  bound p r e f e r e n t i a l l y .  

of  cottonwood prov ide  a means o f  de termin ing  the  ex ten t  o f  exchange o f  ions  f rom 
s o l u t i o n  with na tu ra l l y -occu r r i ng  i no rgan ic  species.  
o f  potassium and ca lc ium t o  p rev ious l y  un t rea ted  cottonwood r e s u l t s  i n  the  same 
changes i n  the  thermal decomposition pa t te rns  as observed f o r  t reatment o f  acid-washed 
cottonwood, al though the  e f f e c t s  a re  l e s s  pronounced. 
creases the  char y i e l d  and reduces the  decomposition temperature, wh i l e  add i t i on  o f  
ca lc ium reduces the  char y i e l d  and increases the  decomposition temperature s l i g h t l y .  
These r e s u l t s  i n d i c a t e  t h a t  t he  o r i g i n a l  ash components can be replaced t o  some 
degree by elements added from s o l u t i o n  through i o n  exchange. 

Table I1 a lso  shows the  TG r e s u l t s  f o r  a cottonwood sample ex t rac ted  w i t h  ho t  
water. This t reatment was inc luded p r i m a r i l y  t o  determine whether the  ho t  water 
Soxhlet  ex t rac t i on  step a f t e r  a c i d  washing might have r e s u l t e d  i n  swe l l i ng  o f  t he  wood, 
which cou ld  be expected t o  a f f e c t  t he  ex ten t  o f  cha r r i ng  o f  t he  wood. As shown i n  

As expected, t he  calcium-exchanged samples conta in  l ess  ash i n  

I t  i s  apparent f rom the  data given i n  Table 

The d i f f e rence  

As shown i n  Figure 1, ac id  washing 
Char from unt rea ted  

I n  general, 

Acid-washed c e l l u l o s e  re ta ined  i t s  

As seen i n  Figure 1,  i t  i s  very  l i k e l y  t h a t  t he  l oss  o f  c e l l u l a r  

The most pronounced e f f e c t  o f  added inorgan ics  i s  due t o  add i t i on  o f  potassium 

The char y i e l d  from the  calcium-exchanged cottonwood i s  

The e f f e c t  o f  ion-exchange treatments on the  
Potassium treatment 

Add i t i on  o f  potassium and calc ium from the  same 

The c h a r a c t e r i s t i c  e f f e c t s  o f  ca lc ium and potassium on the  thermal decomposition 

As shown i n  Table 11, a d d i t i o n  

Add i t i on  o f  potassium i n -  
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Table 11, the  char y i e l d  was reduced somewhat by t h i s  t reatment,  b u t  n o t  t o  the  degree 

decomposition temperature wh i l e  a c i d  washing decreased the  decomposition temperature. 
I n  fac t ,  the  decomposition p a t t e r n  i s  very  much l i k e  t h a t  of ca lc ium- t rea ted  cottonwood; 
thus the  reduc t ion  i n  char y i e l d  does n o t  appear t o  be due t o  phys ica l  changes, bu t  
r a t h e r  resu l t s  from removal o f  elements such as potassium which tend t o  reduce the  
decomposition temperature and enhance char r ing ,  a l l ow ing  the  opposing e f f e c t  o f  calc ium 
t o  be more pronounced. The tendency o f  ca lc ium t o  be removed l e s s  r e a d i l y  from wood 
by ho t  water treatment, combined w i t h  i t s  p r e f e r e n t i a l  a d d i t i o n  t o  wood from so lu t i ons  
conta in ing  bo th  potassium and calcium, i n d i c a t e  s t ronger  b ind ing  by wood o f  ca lc ium 
ions  and presumably o ther  a l k a l i n e  e a r t h  metals such as magnesium, which i s  a l so  
present i n  subs tan t ia l  q u a n t i t i e s  i n  many species o f  wood. 

a re  fu r the r  i l l u s t r a t e d  by the  DTG's shown i n  Figures 2 and 3. 
t he  ef fect  o f  ac id  washing on the  r a t e  o f  thermal decomposition o f  cottonwood and 
Douglas fir. 
a t  l ow  temperatures (250-350OC) and enhances the  pr imary decomposition which peaks 

I near 385°C. Since the  low temperature 'shoulder '  i n  t he  DTG o f  wood i s  genera l l y  

of t h i s  f r a c t i o n  which i s  most a f fec ted  by the  a c i d  washing. 
assoc ia t ion  o f  inorgan ic  species w i t h  the  hemice l lu lose  f r a c t i o n  through the  g lucuron ic  
a c i d  groups fu r the r  suggests t h a t  inorgan ic  species a c t  p r i m a r i l y  on the  hemice l lu lose  
f r a c t i o n  and reduce i t s  decomposition temperature. 
ca t ions ,  the  hemicel lu loses decompose a t  h igher  temperatures and produce l e s s  char.  

cottonwood. The DTG o f  un t rea ted  cottonwood i s  shown by do t ted  l i n e s  f o r  comparison. 
The DTG of  t he  potassium-exchanged sample [Figure 2 (A) ]  shows t h a t  t he  low temperature 
'shoulder , which was reduced by a c i d  washing i s  res to red  by the  potassium treatment.  
The ' ce l l u lose  peak' has the  same general shape, bu t  i s  s h i f t e d  t o  much lower temperature. 
With add i t i on  o f  ca lc ium t o  acid-washed cottonwood [Figure 2(8)] ,  t he  low temperature 
shoulder i s  res to red  t o  a l esse r  ex ten t .  When the  wood i s  t r e a t e d  w i t h  a s o l u t i o n  
con ta in ing  potassium and ca lc ium [Figure 2(C)], t he  decomposition i s  i d e n t i c a l  t o  
t h a t  o f  t he  ca lc ium- t rea ted  wood, except the  low temperature shoulder i s  res to red  t o  a 
g rea ter  ex ten t .  
F igure  2(D), i s  a l s o  very much l i k e  t h a t  o f  ca lc ium- t rea ted  cottonwood. These r e s u l t s  
i nd i ca te  t h a t  potassium has the  grea tes t  e f f e c t  on the  decomposition o f  t he  hemice l lu lose  
f rac t i on ,  even though ca lc ium i s  p r e f e r e n t i a l l y  bound by i o n  exchange. 
the  ove ra l l  decomposition o f  un t rea ted  cottonwood, as i nd i ca ted  by the  char y i e l d  
and temperature o f  t he  c e l l u l o s e  decomposition i s  more c l o s e l y  r e l a t e d  t o  the  e f f e c t  o f  
calcium. as discussed prev ious ly .  

pure ce l l u lose  a re  a l so  shown i n  Table 11. 
the  exchange treatment was e l im ina ted ,  s ince  pure c e l l u l o s e  has few exchange s i t e s  
and a l l  of  t he  s a l t  was removed by water ex t rac t i on .  These data show t h a t  t he  e f f e c t s  
o f  adsorp t ion  o f  potassium o r  calc ium s a l t s  on c e l l u l o s e  decomposition are  very  
d i f f e r e n t  f rom the  e f f e c t s  o f  t he  corresponding s a l t s  added t o  wood through i o n  
exchange. 
o f  acid-washed ce l l u lose ,  wh i l e  i t  decreases t h a t  o f  wood. 
i n  both wood and ce l l u lose .  
calc ium increases the  decomposition temperature on ly  s l i g h t l y ,  whereas i t  d ramat i ca l l y  
increased the  decomposition temperature o f  wood. 
due t o  counter ion  e f fec ts ,  which would be absent i n  the  ion-exchanged wood samples, 
a l though these e f f e c t s  a re  expected t o  be minimal w i t h  the  ace ta te  and carbonate s a l t s  
used i n  t h i s  study. 
w i t h  potassium has a l so  been noted w i t h  o the r  a l k a l i  metal s a l t s ,  p a r t i c u l a r l y  sodium 

\ observed w i t h  a c i d  washing. Furthermore, t he  ho t  water e x t r a c t i o n  increased the  

The e f f e c t s  o f  a c i d  washing and i o n  exchange treatments on wood decomposition 
F igure  2 shows 

I n  bo th  samples, ac id  washing r e s u l t s  i n  a lower r a t e  o f  decomposition 

I a t t r i b u t e d  t o  decomposition o f  hemicel lu loses (3,4), i t  i s  apparent ly  t he  decomposition 
The l i k e l i h o o d  of 

I n  the  absence o f  exchanged 

Figure 2 shows the  e f f e c t s  o f  several  t reatments on the  DTG o f  acid-washed 

The DTG of cottonwood which was ex t rac ted  w i t h  ho t  water, shown i n  

However, 

The e f f e c t s  o f  a c i d  washing and a d d i t i o n  o f  potassium and ca lc ium s a l t s  t o  
I n  t h i s  case, t he  water e x t r a c t i o n  a f t e r  

Potassium treatment d ramat i ca l l y  increases the  decomposition temperature 
The char  y i e l d  increased 

Conversely, t reatment o f  acid-washed c e l l u l o s e  w i t h  

Some o f  these d i f f e rences  may be 

The increase i n  c e l l u l o s e  decomposition temperature a f t e r  t reatment 

(5,6)* 
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The e f f e c t s  o f  a d d i t i o n  o f  s a l t s  t o  wood beyond the  exchange capac i ty  a re  shown 
i n  Figures 4 and 5. These samples were prepared by reducing o r  e l i m i n a t i n g  the  
water wash a f t e r  i o n  exchange treatment.  F igure  4 shows t h a t  the  e f f e c t  o f  bo th  
s a l t s  on char y i e l d  cont inues  t o  increase as the  l e v e l  o f  a d d i t i o n  i s  increased. 
Thus, adsorbed s a l t s  and exchanged ca t i ons  appear t o  have s i m i l a r  e f f e c t s  on the  
char y i e l d  i n  wood, as would be p red ic ted  on the  bas is  o f  t he  r e s u l t s  f o r  adsorpt ion 
o f  s a l t s  on ce l l u lose .  

o f  a d d i t i o n  o f  s a l t s  i s  shown i n  Figure 5. 
s a l t s  beyond the  exchange capac i t y  cont inues t o  reduce the  decomposition temperature, 
whereas potassium d ramat i ca l l y  increased the  decomposition temperature o f  ce l l u lose .  
The most l i k e l y  exp lanat ion  f o r  t h i s  behavior i s  t h a t  the  increased potassium treatment 
cont inues t o  decrease t h e  decomposition temperature o f  the  hemicel lu loses, and the  
decom o s i t i o n  products o f  t h e  hemicellu!ose f r a c t i o n  ca ta lyze  decomposition o f  the  
cel luyose f r a c t i o n .  
t i o n  temperature s l i g h t l y ,  which i s  p red ic tab le  on the  bas is  o f  t he  e f f e c t s  o f  calc ium 
on c e l l u l o s e  decomposition. 

The dependence o f  t he  temperature o f  t he  maximum r a t e  o f  weight l oss  on l eve l  
Su rp r i s ing l y ,  adsorp t ion  o f  potassium 

Adsorpt ion o f  calc ium on wood reduces t h e  i n i t i a l l y  h igh  decomposi- 

CONCLUSIONS 4 

The r e s u l t s  o f  t h i s  s tudy  show t h a t  inorgan ic  species, whether present as I 

components o f  t he  na tu ra l  ash f r a c t i o n  o r  as added ca ta l ys ts ,  have a s i g n i f i c a n t  
e f f e c t  on temperature and ex ten t  o f  p y r o l y s i s  o f  wood and even the  phys ica l  s t ruc tu re  
o f  t he  r e s u l t i n g  char.  The e f f e c t s  o f  s p e c i f i c  ca t i ons  added t o  wood by i o n  exchange 
are d i f f e r e n t  f rom the  e f f e c t s  o f  t he  corresponding s a l t s  adsorbed on ce l l u lose .  
The o v e r a l l  decomposition o f  un t rea ted  cottonwood appears t o  be a f fec ted  p r i m a r i l y  
by the  presence o f  calcium, which i s  the  predominant component o f  t he  ash. However, 
the decomposition o f  the  hemice l lu lose  f r a c t i o n ,  which precedes the  pr imary de- 
composition o f  t he  wood, depends i n  la rge  p a r t  on the  presence o f  potassium ions. 
The l o s s  o f  c e l l u l a r  s t r u c t u r e  i n  acid-washed wood i s  be l ieved t o  be due t o  enhanced 
v o l a t i l i z a t i o n  o f  t he  f i b r o u s  carbohydrate components which prov ide  the  s t r u c t u r e  o f  
t he  c e l l  w a l l .  
which can f l o w  a t  h igh  temperatures. 
species w i t h  the  hemice l lu loses  th rough i o n  exchange, i t  i s  very  l i k e l y  t h a t  
decomposition o f  t he  hemice l lu loses  con t r i bu tes  s i g n i f i c a n t l y  t o  char  fo rmat ion  i n  wood. 

The char then a r i s e s  p r i m a r i l y  f rom l i g n i n ,  an amorphous polymer 
Because o f  t he  c lose  assoc ia t i on  o f  inorgan ic  
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Figure  1 .  Photomicrographs o f  chars prepared from unt rea ted  and acid-washed 
cottonwood, (Magn i f i ca t ion :  60X) 

t 

200 300 400 500 
Temperature ( " C )  

Figure  2. E f f e c t s  of a c i d  washing on the  r a t e  o f  weight l oss  
(DTG) from cottonwood and Douglas fir. The OTG o f  
t he  un t rea ted  sample i s  i nd i ca ted  by do t ted  l i n e s .  
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Figure 3. Effects of ion exchange and hot water extraction on the 
rate of weight loss (DTG) o f  cottonwood. The DTG of 
untreated cottonwood i s  indicated by dotted lines. 
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F i g u r e  4 .  
a d d i t i o n  of  c a l c i u m  (0) and 
Potass ium (0) on t h e  c h a r  y i e l d  
f rom cottonwood. 
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SMALL-ANGLE X-RAY SCATTERING INVESTIGATION OF THE EFFECT OF 
HEATING TEMPERATURE ON THE SUBMICROSCOPIC PORE STRUCTURE OF WOOD CHARCOAL* 
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INTRODUCTION 

One of t h e  impor t an t  advan tages  of x-ray t e c h n i q u e s  in s t r u c t u r a l  s t u d i e s  is 
t h a t  t h e  x-ray d a t a  can  p rov ide  some i n f o r m a t i o n  about  t h e  dimensions of t h e  
s t r u c t u r e .  Small-angle  x-ray s c a t t e r i n g ,  which is u s e f u l  ( 1 , 2 )  f o r  l e a r n i n g  about  
dimensions from abou t  10 t o  2000 A ,  is an  impor t an t  method f o r  i n v e s t i g a t i n g  
s t r u c t u r e s  t o o  s m a l l  to be r e s o l v e d  by o p t i c a l  or scann ing  e l e c t r o n  microscopy. 

Small-angle  x-ray s c a t t e r i n g  has  been a p p l i e d  (3--8) in s e v e r a l  s t u d i e s  of t h e  
p o r o s i t y  of c h a r c o a l  produced by p y r o l y s i s  of wood. One of t h e  q u e s t i o n s  considered 
i n  t h i s  r e s e a r c h  was t h e  dependence of t h e  pore dimensions and some o t h e r  p rope r t i e= ,  
of t h e  po res  on t h e  t empera tu re  t o  which t h e  wood was hea ted  d u r i n g  t h e  process  of 
p y r o l y s i s  i n  which t h e  c h a r c o a l  was produced. 

We have a l r e a d y  d e s c r i b e d  (6-8) t h e  r e s u l t s  of our  a p p l i c a t i o n  of small-angle  
x-ray s c a t t e r i n g  i n  s t u d i e s  of s e v e r a l  c h a r c o a l s  p repa red  by h e a t i n g  t o  t empera tu res  
n o t  exceed ing  1000°C. I n  o rde r  t o  l e a r n  about  t h e  e f f e c t s  of h i g h e r  p repa ra t ion  
t e m p e r a t u r e s ,  we r e c e n t l y  examined a s e r i e s  of c h a r c o a l s  from b lack  c h e r r y  (Prunus 
s e r o t i n a  Ehrh.)  wood h e a t e d  t o  t e m p e r a t u r e s  from 600' t o  2000°C. The r e s u l t s  a r e  
summarized i n  t h i s  r e p o r t .  

I n  a d d i t t o n  t o  o b t a i n i n g  some i n f o r m a t i o n  abou t  t h e  pore s t r u c t u r e  of b l ack  
c h e r r y  c h a r c o a l ,  we have developed a g e n e r a l  p i c t u r e  of how t h e  c h a r c o a l  p o r o s i t y  
depends on t h e  t empera tu re  t o  which t h e  wood was h e a t e d  d u r i n g  p y r o l y s i s .  We have 
found (8 )  t h a t  f o r  wood and for c h a r c o a l  h e a t e d  t o  t empera tu res  no t  exceeding 35OoC, 
the sma l l - ang le  x-ray s c a t t e r i n g  i s  dominated by t h e  s c a t t e r i n g  from c r y s t a l l i n e  
c e l l u l o s e ,  and l i t t l e  c a n  be l e a r n e d  abou t  t h e  pore s t r u c t u r e .  A t  h e a t i n g  
t e m p e r a t u r e s  between 350' C and 4OO0C, t h i s  c e l l u l o s e  decomposes, and f o r  cha rcoa l s  
prepared by h e a t i n g  t o  abou t  4OO0C, o u r  s c a t t e r i n g  d a t a  i n d i c a t e  t h a t  t h e r e  a r e  
l a r g e  p o r e s ,  c a l l e d  (9 )  macropores ,  w i t h  dimensions of a t  l e a s t  a micron, 
t r a n s i t i o n a l  po res ,  which have dimensions of t h e  o r d e r  of a few hundrend A ,  and a 
r e l a t i v e l y  small number o f  much s m a l l e r  p o r e s ,  which, u s i n g  Dub in in ' s  terminology 
( 9 ) ,  we w i l l  r e f e r  t o  as mic ropores  and which have ave rage  dimensions which do no t  
exceed approx ima te ly  30 8.  The s c a t t e r i n g  cu rves  which we have now ob ta ined  f o r  
c h a r c o a l s  p repa red  by h e a t i n g  t o  t e m p e r a t u r e s  above 1000°C show t h a t  t h e s e  h ighe r  
p r e p a r a t i o n  t empera tu res  have  a r e l a t i v e l y  s m a l l  e f f e c t  on t h e  s c a t t e r i n g  a s s o c i a t e d  
w i t h  t h e  macropores and t r a n s i t i o n a l  po res ,  bu t  €or p r e p a r a t i o n  t empera tu res  above 
400°C, t h e  s c a t t e r i n g  a s c r i b e d  t o  t h e  mic ropores  i n c r e a s e s  r a p i d l y  with t h e  
p r e p a r a t i o n  t empera tu re .  These r e s u l t s  have l e d  u s  t o  propose t h a t  t h e  macropores 
i n  c h a r c o a l s  a r e  s imi la r  t o  t h o s e  i n  wood and t h a t  t h e  main e f f e c t  which p y r o l y s i s  
a t  t empera tu res  above 4OO0C e x e r t s  on t h e  po re  s t r u c t u r e  is t o  cause  t h e  micropores  
and t r a n s t i o n a l  po res  t o  grow, w h i l e  l e a v i n g  t h e  macropores a lmost  unchanged. 

*This m a t e r i a l  is based on work suppor t ed  by Na t iona l  Science Foundat ion Grant No. 

**Current Address:  B e l l  L a b o r a t o r i e s ,  4500 S. Laburnum Ave., Richmond, VA 23231 
DMR 79-03943. 
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EXPERLMENTAL TECHNIQUES AND METHODS OF DATA ANALYSIS 

The samples were prepared (10) by Paul  R. Blankenhorn a t  t h e  Pennsy lvan ia  S t a t e  
UniVerSLtY School of F o r e s t  Resources  by h e a t i n g  b l a c k  c h e r r y  wood t o  t empera tu res  
of 600, 1500, 1750, and 2000°C in a n i t r o g e n  atmosphere.  

Our s c a t t e r l n g  d a t a  were recorded by t h e  methods d i s c u s s e d  in Reference (8), 
which a l s o  reviews t h e  c o r r e c t i o n s  which w e  a p p l i e d  t o  t h e  measured s c a t t e r i n g  
cu rves .  

We now w i l l  summarize some of t h e  methods and t e c h n i q u e s  which we employed i n  
t h e  i n t e r p r e t a t i o n  of our sma l l - ang le  x-ray s c a t t e r i n g  d a t a  from c h a r c o a l s .  In a 
t y p i c a l  small-angle  s c a t t e r l n g  s tudy ,  x - r ays  from an  x-ray tube  a r e  formed i n t o  a 
we l l -de f ined  beam, u s u a l l y  by s l i ts ,  and s t r i k e  t h e  sample.  A small  f r a c t i o n  of 
t h e s e  x-rays a r e  r e - e m i t t e d ,  w i thou t  change of wavelength,  i n  d i r e c t i o n s  d i f f e r e n t  
from t h a t  of t h e  incoming beam. The i n t e n s i t y  of t h e s e  r e -emi t t ed  x-rays,  which a r e  
c a l l e d  t h e  s c a t t e r e d  r a y s ,  and t h e i r  dependence o n  t h e  d i r e c t i o n  in which they  a r e  
emi t t ed  depend on t h e  s t r u c t u r e  of t h e  sample.  In a s c a t t e r i n g  expe r imen t ,  t h e  
i n t e n s i t y  of t h e  x-rays s c a t t e r e d  in d i f f e r e n t  d i r e c t i o n s  is r eco rded ,  u s u a l l y  with 
some t y p e  of p r o p o r t i o n a l  c o u n t e r .  From an  a n a l y s i s  of t h e s e  d a t a ,  an  a t t e m p t  is 
made t o  o b t a i n  in fo rma t ion  abou t  t h e  s t r u c t u r e  of t h e  sample.  

While t h e r e  is no g e n e r a l  p r e s c r i p t i o n  f o r  a n a l y z i n g  t h e  s c a t t e r i n g  p a t t e r n  
from an a r b i t r a r y  sample,  we w i l l  review some methods u s e f u l  f o r  i n t e r p r e t a t i o n  of 
s c a t t e r i n g  measurements from porous m a t e r i a l s  l i k e  c h a r c o a l s .  For  a sample which 
has  a s t r u c t u r e  c h a r a c t e r i z e d  by a dimension a ,  most i n f o r m a t i o n  o b t a i n a b l e  from 
s c a t t e r i n g  measurements w i l l  be  found a t  s c a t t e r i n g  a n g l e s  8 i n  an  i n t e r v a l  f o r  
which 

0.1 < ha < 10, 1) 

where h = (4n /X)  s i n ( 8 / 2 ) ;  8 is the  s c a t t e r i n g  a n g l e  ( t h a t  is, t h e  a n g l e  between t h e  
d i r e c t i o n s  of t h e  i n c i d e n t  and t h e  s c a t t e r e d  beams); and X i s  t h e  x-ray 
wavelength.  For a n g l e s  no g r e a t e r  t h a n  about  7 d e g r e e s ,  sin 8/2 can  be approximated 
by 8/2, and so f o r  small  s c a t t e r i n g  a n g l e s ,  h can  be c o n s i d e r e d  p r o p o r t i o n a l  t o  8. 
According t o  I n e q u a l i t y  l ) ,  f o r  a s t r u c t u r e  wi th  dimension a ,  t h e  s c a t t e r i n g  is  
determined by the  product  ha,  so  t h a t  t h e r e  i s  a n  i n v e r s e  r e l a t i o n s h i p  between t h e  
s i z e  of t he  s t r u c t u r e  and t h e  h v a l u e s  a t  which t h e  s c a t t e r e d  i n t e n s i t y  from t h i s  
s t r u c t u r e  is a p p r e c i a b l e .  S i n c e  t h e  x-ray wavelengths  a r e  normally of t h e  o r d e r  of 
1 o r  2 A ,  I n e q u a l i t y  1) i m p l i e s  t h a t  t h e  x-ray s c a t t e r i n g  from s t r u c t u r e s  wi th  
dimensions between abou t  20 and 2000 A w i l l  be observed a t  s c a t t e r i n g  a n g l e s  no 
g r e a t e r  than a few degrees .  Smal l - ang le  x - r ay  s c a t t e r i n g  t h u s  can  be used to s tudy  
t h e s e  submicroscopic  s t r u c t u r e s .  

X-rays are s c a t t e r e d  by e l e c t r o n s ,  and t h e  sma l l - ang le  s c a t t e r i n g  w i l l  be 
a p p r e c i a b l e  when t h e  sample c o n t a i n s  r e g i o n s  i n  which f l u c t u a t i o n s  o r  v a r i a t i o n s  in 
e l e c t r o n  d e n s i t y  ex tend  ove r  d i s t a n c e s  o f  10 t o  2000 A .  A t  small a n g l e s ,  t h e  
s c a t t e r i n g  p rocess  is unab le  t o  r e s o l v e  s t r u c t u r e s  s m a l l e r  t han  about10 A ,  and so 
in t h e  a n a l y s i s  of t h e  s c a t t e r i n g  d a t a ,  t h e  a tomic - sca l e  s t r u c t u r e  c a n  be 
neg lec t ed .  We t h e r e f o r e  found i t  conven ien t  t o  c o n s i d e r  t h e  c h a r c o a l  sample t o  be 
composed of t w o  phases ,  w i th  c o n s t a n t  but  d i f f e r e n t  e l e c t r o n  d e n s i t i e s .  One of t h e  
phases  is ca rbon ized  wood, and t h e  o t h e r  is a i r .  Because t h e  e l e c t r o n  d e n s i t y  of 
a i r  i s  so  small ,  t h e  s c a t t e r i n g  from t h e  a i r  i n  t h e  po res  c a n  be n e g l e c t e d ,  and t h e  
pores  c a n  be cons ide red  t o  be empty. 

When t h e  two phases  a lways a r e  s e p a r a t e d  by a s h a r p ,  d i s c o n t i n u o u s  boundary, 
and when h is  l a r g e  enough t o  s a t l s i f y  the  c o n d i t i o n  ha > 3.5, where a is t h e  
minimum c h a r a c t e r i s t i c  dimension of t h e  s t r u c t u r e ,  t h e  s c a p t e r e d  i n t e n s i t y ? ( h )  can 
be approximated by (11)  

where p i s  t h e  d i f f e r e n c e  of t h e  e l e c t r o n  d e n s i t i e s  of t h e  t w o  phases ,  1, is  t h e  
i n t e n s i t y  s c a t t e r e d  by a s i n g l e  e l e c t r o n ;  S 1s t h e  t o t a l  s u r f a c e  area s e p a r a t i n g  t h e  
two phases  in t h e  sample; M is t he  mass of t h e  sample; and A is t h e  c r o s s - s e c t t o n a l  
a r e a  of t h e  sample p e r p e n d i c u l a r  t o  t h e  i n c i d e n t  beam. According t o  Equa t ion  2), i n  
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t h e  o u t e r  p a r t  of t he  s m a l l - a n g l e  s c a t t e r i n g  cu rve  ( t h a t  is, when ha  > 3.5) ,  the 
s c a t t e r e d  i n t e n s i t y  1s p r o p o r t i o n a l  t o  h-4 and thus  t o  t h e  i n v e r s e  fou%h power of  
t h e  s c a t t e r i n g  ang le .  Moreover,  when I ( h )  has  t h i s  a n g u l a r  dependence, t he  
magnitude of t h e  s c a t t e r e d  intensity is p r o p o r t i o n a l  t o  the  s p e c i f i c  s u r f a c e  S/M, 
which is t h e  s u r f a c e  a r e a  pe r  u n i t  sample mass s e p a r a t i n g  the two phases .  

A s  we e x p l a i n  i n  Refe rence  (111, t h e  q u a n t i t i e s  I e A  and M/A can  be evaluated 
from t h e  x-ray d a t a ,  and 80 Eqiiat ion 2) can be employed to  c a l c u l a t e  t h e  s p e c i f i c  
s u r f a c e  S/M from t h e  s c a t t e r i n g  d a t a  f o r  samples  wi th  submicroscopic  p o r o s i t y .  

The s p e c i f i c  s u r f a c e  S/M c a l c u l a t e d  from Equa t ion  2) 1s o f t e n  r e f e r r e d  t o  as 
t h e  "x-ray s p e c i f i c  s u r f a c e " ,  s i n c e  i t  is determlned from t h e  x-ray S c a t t e r i n g  
d a t a .  I n  t h i s  d i s c u s s i o n  of our s t u d i e s  of c h a r c o a l ,  i t  is impor t an t  t o  remember 
t h a t  t h e  x-ray s p e c i f i c  s u r f a c e  l n c l u d e s  on ly  t h e  s u r f a c e  of pores  l a r g e  enough t o  
s a t i s f y  t h e  c o n d i t i o n  ha > 3.5. The x-ray s p e c i f l c  s u r f a c e  t h u s  r e p r e s e n t s  only the 
s u r f a c e  of t h e  macropgres  and t r a n s i t i o n a l  po res  and does  n o t  i nc lude  the  
c o n t r i b u t i o n  of t h e  mic ropores .  This  r e s u l t ,  we b e l i e v e ,  1s t h e  main reason why 
s p e c i f t c  s u r f a c e s  measured by a d s o r p t i o n ,  which o f t e n  t a k e s  accoun t  of t h e  su r faces  
of a l l  t h r e e  c l a s s e s  of p o r e s ,  c a n  be much l a r g e r  t han  t h e  x-ray s p e c i f i c  s u r f a c e s .  

To ana lyze  t h e  s c a t t e r l n g  c u r v e s  which we have ob ta ined  from c h a r c o a l s ,  we made 
l e a s t - s q u a r e s  f i t s  of a t h e o r e t i c a l  s c a t t e r i n g  e q u a t i o n  which con ta ined  terms 
r e p r e s e n t i n g  t h e  c o n t r i b u t i o n s  t o  t h e  s c a t t e r e d  i n t e n s i t y  from a l l  t h r e e  types of 
pores .  Th l s  e q u a t i o n  can  be expres sed  

where SI and S a r e  t h e  s u r f a c e  a r e a s  p e r  u n i t  sample mass a s s o c i a t e d  with the  
macropores and ' t r a n s i t i o n a l  p o r e s ;  c is  a c o n s t a n t  p r o p o r t i o n a l  t o  t h e  average 
c h a r a c t e r i s t i c  dimension of t h e  t r a n s i t i o n a l  po res ;  N is t h e  number of micropores  in 
t h e  s c a t t e r i n g  sample: b 1s t h e  ave rage  dimension 3f t h e  micropores;  V is t h e  volume 
of a micropores;  t h e  b a r  i n d i c a t e s  an  ave rage  of V o v e r  t h e  sample; and Fm(hb) is a 
f u n c t i o n  which d e s c r i b e s  t h e  a n g u l a r  d i s t r i b u t i o n  of t h e  s c a t t e r i n g  from t h e  
micropores  and which 1s d e f i n e d  t o  have t h e  p r o p e r t y  t h a t  F (0) = 1. The micropores 
a r e  assumed t o  s c a t t e r  i ndependen t ly  of each o t h e r .  &e term i n  Equat ion 3) 
p r o p o r t i o n a l  t o  S2 d e s c r i b e s  t h e  s c a t t e r i n g  from t h e  t r a n s i t i o n a l  po res  and is t he  
e x p r e s s i o n  ob ta ined  by Debye, Anderson, and Rrumberger (12)  f o r  t h e  s c a t t e r i n g  from 
a two-phase sample wi th  a random d i s t r i b u t i o n  of s c a t t e r e r s .  We f e e l  t h a t  t h i s  
e x p r e s s i o n  is  a r easonab le  and c o n v e n l e n t  way t o  approximate t h e  s c a t t e r i n g  from the  
t r a n s i t i o n a l  po res .  The macropore s c a t t e r i n g  is r ep resen ted  i n  Equa t ion  3)  by the  
term p r o p o r t i o n a l  t o  S1. The macropores  are so l a r g e  t h a t  our s c a t t e r i n g  d a t a  permit 
on ly  t h e  c a l c u l a t i o n  o f  t h e  s p e c i f i c  s u r f a c e  of t h e s e  p o r e s  and provide no 
i n fo rma t ion  about  t h e i r  d imens lons .  

RESULTS AND DISCUSSION 

F i g u r e  1 shows t h e  s c a t t e r i n g  c u r v e s  which we  ob ta ined  f o r  s o u t h e r n  pine wood 
heated t o  4OO0C a t  d i f f e r e n t  r a t e s  (8).  When t h e  sample t empera tu re  was r a i s e d  a t  a 
r a t e  o f  5OoC p e r  minu te ,  t h e  s c a t t e r i n g  p a t t e r n  was q u i t e  similar t o  the  curve 
ob ta ined  f o r  wood b e f o r e  h e a t i n g .  For a t empera tu re  r i s e  of on ly  l 0 C  pe r  minute ,  on 
t h e  o t h e r  hand, t h e  i n n e r  p a r t  o f  t h e  s c a t t e r i n g  cu rve  is  n e a r l y  p r o p o r t i o n a l  t o  t h e  
i n v e r s e  f o u r t h  power of h,  as would be expec ted  f o r  t h e  s c a t t e r i n g  from macropores,  
while  i n  t h e  o u t e r  p a r t  of t h e  s c a t t e r i n g  cu rve ,  t h e  i n t e n s i t y  is  n e a r l y  c o n s t a n t ,  
as we would p r e d i c t  f o r  mic ropores .  The t h i r d  curve i n  Fig.  1 is f o r  a sample with 
a t empera tu re  i n c r e a s e  of 10°C p e r  minute  and is i n t e r m e d i a t e  beween t h e  o t h e r  two 
curves.  We have shown (8) t h a t  t h e  change from a cu rve  l i k e  t h e  cu rve  for  a hea t ing  
r a t e  o f  50°C/min t o  a c u r v e  with t h e  form of t h e  cu rve  f o r  l0C/m1n is  accompanied by 
t h e  d i sappea rance  o f  t h e  l a r g e - a n g l e  d i f f r a c t i o n  peaks from c e l l u l o s e .  We have 
t h e r e f o r e  concluded t h a t  t h e  c u r v e  f o r  a h e a t i n g  r a t e  of 1°C/min r e p r e s e n t s  t he  
s c a t t e r i n g  from on ly  t h e  po res  i n  t h e  c h a r c o a l .  

F i g u r e  2 shows t h e  s c a t t e r i n g  c u r v e s  f o r  b l ack  c h e r r y  samples  hea ted  t o  
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t empera tu res  of 600, 1500, 1750, and 2000°C. Regard le s s  of t h e  t empera tu re  a t  which 
t h e  sample was pfepared, t h e  i n n e r  p a r t  of t h e  s c a t t e r i n g  cu rve  is  n e a r l y  
p r o p o r t i o n a l  t o  h- . T h i s  r eg ion  of t he  curve i s  a lmos t  t h e  Same f o r  a l l  h e a t i n g  
t empera tu res ,  but  t h e  i n t e n s i t y  i n  t h e  o u t e r  p a r t  of t h e  cu rve  rises a s  t h e  h e a t i n g  
t empera tu re  is inc reased .  T h i s  p a r t  of t h e  cu rve  c o n t a i n s  t h e  i n f o r m a t i o n  about  t h e  
micropores .  

The cu rves  i n  Fig.  2 were determined by l e a s t - s q u a r e s  f i t s  of Equa t ion  (3)  t o  
t h e  s c a t t e r i n g  d a t a  f o r  t h e  b l a c k  c h e r r y  c h a r c o a l s .  In t h e  f i t s  of t h e  s c a t t e r i n g  
d a t a  recorded f o r  samples  produced a t  1500°C and above,  f o r  Fm(hb) we used t h e  
f u n c t i o n  P Z ( h , l )  c a l c u l a t e d  (13) f o r  a s sembl i e s  of uniform s p h e r i c a l  s c a t t e r e r s  w i t h  
d i f f e r e n t  d i ame te r s .  With t h i s  f i t t i n g  f u n c t i o n ,  we o b t a i n e d  a t  least  an adequa te  
f i t .  In our  a n a l y s i s  of t h e  cu rve  € O K  t h e  sample h e a t e d  a t  6OO0C w e  employed a n  
Fm(hb) f u n c t i o n  of t he  same form a s  t h e  f u n c t i o n  chosen t o  r e p r e s e n t  t h e  s c a t t e r i n g  
from t h e  t r a n s i t i o n a l  pores .  We m u l t i p l i e d  t h e  ave rage  micropore dimension o b t a i n e d  
i n  t h i s  f i t  by a c o n s t a n t  which pe rmi t t ed  t h i s  b va lue  t o  be compared wi th  the  o t h e r  
a v e r a g e  micropore dimensions.  

As can be seen  from Table  1, which l i s t s  some of t h e  q u a n t i t i e s  ob ta ined  from 
t h e  l e a s t - s q u a r e s  f i t s  of Equa t ion  ( 3 ) ,  when t h e  p r e p a r a t i o n  t empera tu re  is  r a i s e d  

N 2  from 6OO0C t o  2000°C, t h e  c o n s t a n t  - 
4 )  B = - V ,  2nM 

which expres ses  t h e  magnitude of t h e  s c a t t e r i n g  from t h e  mic ropores ,  i n c r e a s e s  by a 
f a c t o r  of a lmos t  50, wh i l e  thf f v e r a g e  micropore dimension b is not even doub led .  
[The r a t h e r  unusua l  u n i t s  cm A /gm used f o r  B a r e  conven ien t  for  some a n a l y s e s  
d i s c u s s e d  i n  Reference (e ) . ]  I f  t h e  shape of t h e  lnicropores  is  independent  of t e 

and acco rd ing  t o  Equat ion 4 ) ,  B/b6 shou ld  be p r o p o r t i o n a l  t o  N / M ,  t h e  number of 
po res  pe r  u n i t  mass. From t h e  values  of B and b i n  Ta l e  1. as t h e  t empera tu re  of 
sample p r e p a r a t i o n  i n c r e a s e s  from 6OO0C t o  2000°C, B/b v a r i e s  by abou t  30% around 
i t s  ave rage  va lue  f o r  t h e  f o u r  samples.  Wi th in  t h e  r e l a t i v e l y  l a r g e  u c e r t a i n t y  
r e s u l t i n g  from t h e  f a c t  t h a t  b i s  r a i s e d  t o  t h e  s i x t h  power, B/b' t hus  is 
independent  of t he  p y r o l y s i s  temperature .  We t h e r e f o r e  can  c o n s i d e r  h a t  t h e  number 

n e a r l y  c o n s t a n t ,  so t h a t  h i g h e r  p y r o l y s i s  t empera tu res  l e a d  t o  c h a r c o a l s  w i t h  l a r g e r  
micropores ,  bu t  t h e  number of micropores  does not  change a p p r e c i a b l y .  

In our  d i s c u s s i o n  of d a t a  a n a l y s i s ,  we have avo ided  making any p r e c i s e  
s t a t e m e n t s  abou t  t h e  meaning of t h e  ave rage  pore dimensions,  s i n c e  t h e  d e f i n i t i o n  of 
t h e s e  ave rage  dimensions depends on t h e  pore shape and on t h e  d i s t r i b u t i o n  of pore 
dimensions.  However, Equa t ion  3)  c o n t a i n s  terms which g i v e  t h e  s c a t t e r i n g  from t h e  
t h e  t h r e e  c l a s s e s  of po res .  The models used t o  o b t a i n  t h e  terms f o r  t h e  
c o n t r i b u t i o n s  from t h e  t r a n s i t i o n a l  pores  and mic ropores  s p e c i f y  what t h e  ave rage  
pore dimensions r e p r e s e n t  i n  t h e s e  models. I n  t h e  e x p r e s s i o n  f o r  Fm(hb) which we 
used t o  d e s c r i b e  t h e  s c a t t e r i n g  from t h e  micropores  f o r  p r e p a r a t i o n  t empera tu res  o f  
15OO0C and above,  b i s  t h e  most p robab le  micropore r a d i u s  i n  a system of 
i n d e p e n d e n t l y - s c a t t e r i n g  s p h e r e s  wi th  d i f f e r e n t  r a d i i .  The i n t e r p r e t a t i o n  of t h e  
o t h e r  ave rage  dimensions is d i scussed  i n  Reference (12) .  

The q u a n t i t i e s  SI, S , and B were e v a l u a t e d  by t h e  t echn iques  we employed i n  
O U T  i n v e s t i g a t i o n  o f  s o u t i e r n  p ine  c h a r c o a l  ( 8 ) .  In o u r  c a l c u l a t i o n s ,  we assumed 
(8) t h a t  t h e  d e n s i t y  of t h e  ca rbon  i n  t h e  cha rcoa  s was gm/cm3, wh i l e  w e  took t h e  
mass a b s o r p t i o n  c o e f f i c i e n t  of carbon t o  be 4.60 c m  /gm. 

I n  Tab le  1 we show o n l y  t h e  t o t a l  x-ray s p e c i f i c  s u r f a c e  (S1 + S 2 ) ,  s i n c e  we 
found t h a t  t h e  r eg ion  of t h e  s c a t t e r i n g  cu rve  which was n e a r l y  p r o p o r t i o n a l  t o  t h e  
i n v e r s e  f o u r t h  power of h was no t  l ong  enough t o  pe rmi t  a good s e p a r a t i o n  of t h e  
c o n t r i b u t i o n s  of t h e  macropores  and t r a n s i t i o n a l  po res  t o  t h e  t o t a l  x-ray s p e c i f i c  
s u r f a c e .  We e s t i m a t e  t h a t  t h e  u n c e r t a i n t y  i n  t h e  x-ray s p e c i f i c  s u r f a c e s  i n  about  
25%. S ince  t h e  x-ray s p e c i f i c  s u r f a c e  S1 + S2 i s  so n e a r l y  t h e  same i n  a l l  fou r  
samples ,  we sugges t  t h a t  t h e  macropore s t r u c t u r e  i n  t h e  c h a r c o a l  samples  is almost  
t h e  same as i n  t h e  wood from what t he  c h a r c o a l s  were prepared.  

While t h e  u n c e r t a i n t y  i n  t h e  va lue  of c computed from t h e  l e a s t  squa res  f i t s  
i n c r e a s e s  t o  abou t  ,504: f o r  t h e  sample hea ted  t o  2000°C, OUT f i t s  show a s t e a d y  

p r e p a r a t i o n  t empera tu re ,  t h e  s q u a r e  of t h e  volume of a pore is  p r o p o r t i o n a l  t o  b B , 

t 

of micropores ,  which a c c o r d i n g  t o  Equat ion 4 )  1s p r o p o r t i o n a l  t o  B/b F, , remains ve ry  

4 
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I 
growth i n  t h e  ave rage  dimension c of t h e  t r a n s i t i o n a l  po res  as the  p r e p a r a t i o n  , 
t empera tu re  becomes h i g h e r .  

t empera tu res  between 6OO0C and 1500'C. Samples prepared i n  t h i s  temperature  ' 
i n t e r v a l  would probably g i v e  a more d e t a i l e d  d e s c r i p t i o n  of t h e  e f f e c t  of p y r o l y s i s  , 
t empera tu re  on t h e  number and a v e r a g e  dimension of t h e  micropores .  

We f e e l ,  however, t h a t  t h e  s c a t t e r i n g  cu rves  which we have p resen ted  he re  a r e  
s u f f t c i e n t  t o  suppor t  o u r  views n b m t  t h e  r e l a t i o n  between t h e  po re  s t r u c t u r e  and 
t h e  t e a p e r a t u r e  a t  which t h e  sample was p repa red .  From our a n a l y s i s  of t h e  
s c a t t e r i n g  d a t a ,  we have concluded t h a t  when t h e  c h a r c o a l s  a r e  prepared by hea t ing  ' 
t o  4OO0C, most of t h e  s c a t t e r i n g  comes from t h e  macropores and t r a n s i t i o n a l  pores ,  I 

wi th  a r e l a t i v e l y  small c o n t r i b u t i o n  from t h e  micropores ,  t h e  dimensions of which 
a r e  no t  l a r g e  enough t o  be de t e rmined  r e l i a b l y  from t h e  s c a t t e r i n g  d a t a .  For 
p y r o l y s i s  a t  t empera tu res  i n  t h e  i n t e r v a l  from 4OO0C th rough  20OO0C, the 
t r a n s i t i o n a l  pores  and mic ropores  become l a r g e r ,  wh i l e  t h e  x-ray s p e c i f i c  s u r f a c e  
and t h e  number of micropores  remain n e a r l y  t h e  same. 

U n f o r t u n a t e l y ,  we were no t  a b l e  t o  o b t a i n  b l ack  c h e r r y  samples heated t o  
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TABLE 1 
Q u a n t i t i e s  Eva lua ted  from t h e  Least-Squares  F i t s  

P y r o l y s i s  S + S B(cm3A3/gm) MA) c(A) 
Temperature  (k2 /gm$ 

6OO0C 1.6 2.9 1.3 0.33 x lo2 
1500 1.7 60 2.0 0.76 x 10' 
1750 1.9 87 2.1 2.2 
2000 1.8 122 2.4 5.3 

158 





DEFINITION AND DETERMINATION OF THE INTRINSIC RATE 
OF CATALYZED BOUDOUARD REACTION 

F. Shadman and D.A.  Sams 

Department o f  Chemical Engineer ing,  U n i v e r s i t y  o f  Ar izona 
Tucson, Ar izona 85721 

During the l a s t  decade, i nc reased  i n t e r e s t  has been focused on the steam gas i f i ca -  
t i o n  o f  coal us ing  a l k a l i  meta l  c a t a l y s i s .  Various i n v e s t i g a t o r s  have s tud ied the 
k i n e t i c s  o f  c a t a l y t i c  H20/C and CO2/C g a s i f i c a t i o n  reac t i ons  and comprehensive re -  
views are a v a i l a b l e  (1-3) .  

An impor tan t  aspect  o f  t h i s  g a s i f i c a t i o n  process i s  t he  v a r i a t i o n  o f  the reac t i on  
r a t e  du r ing  conversion. 
r e a c t i o n  area and t h e  change i n  t h e  amount and d i s t r i b u t i o n  o f  c a t a l y s t  dur ing 
g a s i f i c a t i o n .  It i s  impor tan t  t o  develop a method and a k i n e t i c  model f o r  the 
c h a r a c t e r i z a t i o n  o f  these v a r i a t i o n s  and t h e  de te rm ina t ion  o f  the i n t r i n s i c  ra te  
parameters. 

The p r imary  c o n t r i b u t i n g  f a c t o r s  a r e  the change i n  the 

Experimental Method 

The char  was impregnated w i t h  KOH t o  va r ious  concen t ra t i on  l e v e l s  us ing  an i n c i p i e n t  
w e t t i n g  technique. 
atomic abso rp t i on  spect roscopy.  Char samples were g a s i f i e d  a t  8OOoC, w i t h  15 k Pa 
CO2 (balance He) and a t o t a l  pressure of 100 k Pa. The r e a c t o r  was operated under 
d i f f e r e n t i a l  cond i t i ons .  The gaseous products  were analyzed by o n - l i n e  GC and I R  
analyzers.  The r e a c t i o n  r a t e  and carbon convers ion were c a l c u l a t e d  from the f l ow  
r a t e s  and t h e  CO/CO2 concen t ra t i ons .  
measured by a dynamic adso rp t i on /deso rp t i on  technique us ing  CO2 as the  adsorbing 
gas w i t h  he l i um as t h e  c a r r i e r  gas. 
i n  F igure 1. 

Resul ts  

Surface area measurements have been completed f o r  the char  w i t h  K /C  = 0.0045. The 
change i n  t h e  area w i t h  convers ion i s  shown i n  F igure 2 .  The dependence o f  carbon 
conversion on t ime a t  va r ious  c a t a l y s t  loadings i s  shown i n  F igure 3. 

Various d e f i n i t i o n s  f o r  t h e  r a t e  o f  g a s i f i c a t i o n  have been used i n  the  l i t e r a t u r e .  
I n  t h i s  s tudy t h e  r a t e s  w i l l  be d e f i n e d  as: 

The potassium con ten t  o f  the d r i e d  samples was determined by 

The in t raphase  areas o f  char  samples were 

A schematic diagram o f  the apparatus i s  shown 

The r a t e  o f  carbon g a s i f i c a t i o n  i n  a char  sample i s  p r o p o r t i o n a l  t o  the t o t a l  
number o f  su r face  a c t i v e  s i t e s ,  9:  

dm 

d t  ” 
-2 = 

During g a s i f i c a t i o n ,  t h e  r a t e  changes due t o  var ious fac to rs  i n c l u d i n g  ne t  consump- 
t i o n  o f  s i t e s  and c a t a l y s t  l o s s .  
resented by an o v e r a l l  f i r s t  o r d e r  process: 

I t  i s  assumed t h a t  the l oss  o f  s i t e s  can be rep-  

- -  d: = 3 )  
d t  b ( b - $ - )  

where i s  a f i n a l  l i m i t  which depends on the  i n i t i a l  p r o p e r t i e s  o f  the sample. 
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The i n i t i a l  conditions a t  t = o are:  

co mc = m 

0 = $o 

After integration a n d  subs t i tu t ions ,  the following expressions a re  obtained 
conversion and rate:  

m 
x = l - C  

co 

Q, $m 
7 f ( 1  - T) exp ( - b t )  

4 )  

5 )  

sr 

6 )  

A t  high conversions, Equations 7 and 9 deviate from the data.  This i s  expected be- 
cause Equation 3 i s  based on the assumption tha t  the surface i s  unsaturated with 
active s i t e s ;  therefore the number of ac t ive  s i t e s  and  n o t  the to ta l  reaction area 
determines the ra te .  However, as conversion proceeds the surface becomes saturated 
with active s i t e s .  Nith ca t a lys t ,  t h i s  occurs as K / C  increases and surface becomes 
saturated with ca t a ly t i c  s i t e s .  Under the saturation condition, the ra te  per un i t  
area remains constant b u t  the ra te  per unit  mass, Rm, will be proportional t o  the 
reaction area, Sm. 

The predictions of t h i s  k ine t ic  model and the corresponding experimental values of 
rate are shown on Figure4. 

Conclusions 

Impregnation with KOH reduces the surface area of the coal char possibly due t o  
pore plugging. Upon gas i f ica t ion ,  however, the surface area increases rapidly and 
goes t h r o u g h  a maximum. I t  i s  speculated t h a t  the increase in area a t  low conver- 
sions i s  due t o  ca ta lys t  mobility and unplugging of pores. 
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The v a r i a t i o n  i n  r a t e  d u r i n g  the c a t a l y t i c  g a s i f i c a t i o n  i s  complex and depends on 
the i n i t i a l  cha r  p roper t i es .  
p lay  o f  t h ree  f a c t o r s :  
loss. The c a t a l y s t  i s  l o s t  by  severa l  mechanisms i n c l u d i n g  d e a c t i v a t i o n  react ions 
i n  s o l i d  and m i g r a t i o n  from t h e  char  su r face .  
impor tant  processes i s  requ i red .  

The t r e n d  o f  change i n  r a t e  w i t h  convers ion a t  the onset  o f  g a s i f i c a t i o n  depends on 
the o v e r a l l  r a t e  o f  l oss  o f  a c t i v e  s i t e s .  I f  the  l o s s  i s  f a s t  compared t o  the main 
reac t i on ,  the g a s i f i c a t i o n  r a t e  w i l l  decrease w i t h  conversion; o therwise i t  w i l l  
increase., 

As t he  ca ta l yzed  char  i s  g a s i f i e d ,  t he  K!C r a t i o  increasesand t h e  sur face becomes 
sa tu ra ted  w i t h  c a t a l y t i c  s i t e s .  Before su r face  s a t u r a t i o n ,  t he  v a r i a t i o n  i n  the 
g a s i f i c a t i o n  r a t e  per  u n i t  mass i s  due t o  the  change i n  K / C  r a t i o  and n o t  the 
change i n  area. However, a f t e r  surface s a t u r a t i o n ,  the r a t e  pe r  u n i t  mass i s  com- 
p l e t e l y  determined by the su r face  
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Flgure I .  S c h e o a t l c  of the a d s o r p t i o n  a p p a r a t w .  
A) Cas eyl inder(l:  8 )  Toggle valves; C) Rotameters; 0 )  mermal 
conductivity d e t e c t o r s ;  E)  Dlgltbl  i n t e g r a t o r ;  F) S t r l p  c h a r t  
recorder;  C) I n J e c t i o n  septum: H) Four way valve:  I )  Hul t ip le  
l e m p l e  LOOP: J )  Sample ce l la;  K) b b b l e  flov meter. 
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INnllENCE OF COKE STRUCTURE ON GASIFICATION KINETICS 
AND SELECTIVE GASIFICATION 

H. Marsh, C. Ca lver t  and V. Markovic, 

Northern Carbon Research L a b o r a t o r i e s ,  School  of Chemistry,  
U n i v e r s i t y  of Newcastle upon Tyne, 
Newcastle upon Tyne N E 1  7RU, U . K .  

1. INTRODUCTION Coals,  carbons ,  cokes and g r a p h i t e s ,  i n d u s t r i a l l y ,  are mostly used 
i n  o x i d a t i v e  a t rmspheres  r e s u l t i n g  i n  g a s i f i c a t i o n  of t h e  carbonaceous m a t e r i a l .  
This  g a s i f i c a t i o n  i s  o f t e n  t h e  r e q u i r e d  process  as i n  s team g a s i f i c a t i o n  o f  c o a l s  
and chars and i n  t h e  e l e c t r o l y t i c  r e d u c t i o n  o f  b a u x i t e  t o  aluminium where carbon 
anodes a re  consumed. The major p a r t  o f  t h e  w o r l d ' s  energy requi rements  a r e  m e t  by 
combustion of c o a l  i n  e l e c t r i c a l  power s t a t i o n s .  On t h e  o t h e r  hand, i t  i s  undes i rab le  
t h a t  m e t a l l u r g i c a l  coke i n  t h e  b l a s t  furnace  should  undergo g a s i f i c a t i o n  t o  carbon 
monoxide w h i l s t  i n  t h e  s t a c k  o f  t h e  b l a s t  furnace .  
s t e e l  making i s  t o  t r a n s m i t  e l e c t r i c a l  energy t o  t h e  c r u c i b l e .  
t h e  a rc-e lec t rode  i s  d e t r i m e n t a l  t o  performance. 

The purpose o f  a r c - e l e c t r o d e s  i n  
Here g a s i f i c a t i o n  of 

The l i t e r a t u r e  o f  carbon g a s i f i c a t i o n  i s  dominantly concerned w i t h  t h e  k i n e t i c s  
of g a s i f i c a t i o n  r e a c t i o n s  us ing  oxygen, s team,  n i t r o u s  oxide ,  s u l p h u r  d i o x i d e ,  carbon 
d ioxide  and hydrogen (1-5). A n  a s p e c t  of g a s i f i c a t i o n  r e a c t i o n s  which h a s  rece ived  
m c h  l e s s  a t t e n t i o n  i s  t h e  r o l e  o f  t h e  s t r u c t u r e  of t h e  carbon and t h e  i n f l u e n c e  of 
g a s i f i c a t i o n  r e a c t i o n s  upon t h e  p r o p e r t i e s  o f  t h e  s o l i d  carbon as t h e  r e a c t i o n s  
proceed (6-8). The purpose of t h i s  paper  is  t o  d i s c u s s  f u r t h e r  t h e  r o l e  o f  carbon 
s t r u c t u r e  dur ing  g a s i f i c a t i o n  r e a c t i o n s .  

1.1. S o l i d  carbons The term ' s o l i d  carbon'  covers  a l l  n a t u r a l  and s y n t h e t i c  
subs tances  c o n s i s t i n g  mainly o f  atoms of t h e  element carbon and w i t h  t h e  s t r u c t u r e  
o f  g r a p h i t e  o r  a t  l e a s t  wi th  two-dimensionally o r d e r e d  l a y e r s  of carbon atoms (91. 
S o l i d  carbons ( r e f e r r e d  t o  ds ' c a r b o n s ' )  e x i s t  a s  n o n - g r a p h i t i c  non-graphi t izab le  
forms, a s  non-graphi t ic  g r a p h i t i z a b l e  forms o r  as g r a p h i t i c  forms. Non-graphi t ic  
carbons have two-dimensional long  range o r d e r  o f  carbon atoms i n  p l a n a r  hexagonal 
networks b u t  wi thout  measurable c r y s t a l l o g r a p h i c  o r d e r  i n  t h e  t h i r d  d i r e c t i o n .  Cn 
h e a t  t rea tment  t o  above 2500 K t h e  g r a p h i t i z a b l e  carbons adopt a more O K  l e s s  p e r f e c t  
three-dimensional c r y s t a l l i n e  o r d e r  as g r a p h i t i c  carbon,  whereas t h e  non-graphi t izab le  
carbons r e t a i n  only  two-dimensional o r d e r .  

1.2. Formation of s o l i d  carbons The non-graphi t izab le  c;.rbons a r e  mostly der ived  
from p a r e n t  subs tances  which do not p a s s  through a f l u i d  phase  on c a r b o n i z a t i o n .  
They a r e  t h e r e f o r e  s t r u c t u r a l  pseudomorphs of t h e  p a r e n t  m a t e r i a l ,  examples b e i n g  
charcoa l  from wood, chars  from low rank c o a l s  and carbonized  a n t h r a c i t e .  They have 
u s u a l l y  s u r f a c e  a r e a s  >>lo0 m'g-l, a r e  microporous and a r e  i s o t r o p i c  i n  p o l i s h e d  
s e c t i o n  i n  p lane  p o l a r i z e d  l i g h t  o p t i c a l  microscopy. The g r a p h i t i z a b l e  carbons a r e  
mostly der ived  from p a r e n t  s u b s t a n c e s  which p a s s  through a f l u i d  phase on carboniza- 
t i o n .  Here t h e  r e s u l t a n t  s o l i d  carbon i s  formed v i a  an i n t e r m e d i a t e  phase ,  t h e  
MESOPHASE, of a romat ic  l a m e l l a r  nemat ic  l ' q u i d  c r y s t a l s  ( 1 0 ) .  The g r a p h i t i z a b l e  
carbons have, u s u a l l y ,  s u r f a c e  a r e a s  <5 m'g-', they  c o n t a i n  l i t t l e  O K  no micro- 
p o r o s i t y  and a r e  a n i s o t r o p i c  i n  p o l i s h e d  s e c t i o n  i n  p l a n e  p o l a r i z e d  l i g h t  o p t i c a l  
microscopy (11).  Thus,  t h e  term ' s o l i d  carbon'  i s  a g e n e r i c  te rm and c o n t a i n s  many 
q u i t e  d i v e r s e  m a t e r i a l s .  

1 . 3 .  These m a t e r i a l s  e x h i b i t  a wide range of s t r u c t u r e  b e s t  
c h a r a c t e r i z e d  by o p t i c a l  microscopy (11) .  The l i q u i d  c r y s t a l s  of t h e  c a r b o n i z a t i o n  
process  e x h i b i t  a s i z e  range, observable  i n  o p t i c a l  microscopy, between -1 pm and 
200 Urn diameter.  The l i q u i d  c r y s t a l s ,  a s  c a r b o n i z a t i o n  tempera tures  i n c r e a s e ,  can 
e i t h e r  ( a )  f u s e  t o g e t h e r  wi thout  l o s s  of i d e n t i t y  or (b)  c o a l e s c e  i n t o  each o t h e r  
wi th  l o s s  o f  i d e n t i t y  t o  g ive  l a r g e r  c r y s t a l s .  The s t r u c t u r e  o f  the  r e s u l t a n t  
a n i s o t r o p i c  carbon (coke) i s  a consequence o f  t h i s  f u s i n g  o r  c o o l c s c i n g  and is  made 
up o f  t h e  ' m a c r o c r y s t a l s '  from t h e  l i q u i d  c r y s t a l s .  The s i z e  range o f  t h i s  macro- 
c r y s t a l l i n i t y  i s  d e s c r i b e d  a s  t h e  o p t i c a l  t e x t u r e  o f  t h e  carbon and a nomenclature 

Aniso t ropic  carbons 

- 
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e x i s t s  (12) cove r ing  from t h e  ve ry  f i n e - g r a i n e d  mosaics (c0.5 d i a . )  t o  domains 
(-200 pm d i a . ) .  
e x i s t  and need t o  be s p e c i f i e d .  

1.4. I n f l u e n c e s  upon g a s i f i c a t i o n  I t  has t o  b e  emphasized t h a t  r a r e l y  ( i f  ever )  
does a s o l i d  carbon e x i s t  i n  t h e  pure form,  i . e .  c o n t a i n i n g  only the  r iement  carbon.  r 
It i s  always a s s o c i a t e d  wi th  hydrogen and oxygen,  o t h e r  h e t e r o a t o m  and mine ra l  

f i  
i . e .  CATALYTIC e f f c c t s  e x i s t  ( 3 ,  4) .  G a s i f i c a t i o n  r e a c t i o n s  of  carbon a r e  he t e ro -  
gznsous p rocesses  and a complete  s p e c i f i c a t i o n  of  the  s o l i d  carbon of  the s tudy  i s  
d e s i r a b l e  ( i f  n o t  e s s e n t i a l ) .  This  s p e c i f i c a t i o n  should i n c l u d e  ( a )  f o r  a n i s o t r o p i c  
carbons,  the  h e a t  t r ea tmen t  t empera tu re  (HTT) and s i z e l s h a p e  o f  o p t i c a l  t e x t u r e  
(b) an i n d i c a t i o n  of t h e  impur i ty  conten t  of t h e  carbon,  heteroatoms and mine ra l  
m a t t e r  c) s u r f a c e  a r e a .  The s u r f a c e  a r e a  of carbons v a r i e s  from -2000 m2g-l t o  
-0 .01  b 8 - l  (13, 14).  Rates  o f  g a s i f i c a t i o n  w i l l  a cco rd ing ly  vary c o n s i d e r a b l y ,  
carbon t o  carbon,  s imply on t h e  b a s i s  of s u r f a c e  a v a i l a b i l i t y  a lone ,  2. t o t a l  
s u r f a c e  a r e a  (TSA). However, some twenty y e a r s  ago,  t h e  concept of Act ive Sur face  
Area ( M A )  was in t roduced  and has  r e c e n t l y  been developed ( 5 ) .  This  concept s t a t e s  
t h a t  s u r f a c e s  of carbons of e q u a l  s u r f a c e  a r e a  do not  n e c e s s a r i l y  have the  same 
' r e a c t i v i t y '  under  s t a n d a r d i z e d  c o n d i t i o n s ,  b u t  can have d i f f e r e n t  s u r f a c e  concentra-  
t i o n s  of a c t i v e  s i t e s .  These must be r e l a t e d  t o  s t r u c t u r e  ( i . e .  d e f e c t s  and he te ro -  
atom c o n t e n t )  w i t h i n  the  p l a n a r  hexagonal  network o f  carbon Z m  which make up the 
s t r u c t u r e  w i t h i n  carbons.  

1.5. S e l e c t i v e  g a s i f i c a t i o n  S o l i d  carbons a r e  e s s e n t i a l l y  non-homogeneous m a t e r i a l s  
!glassy carbons b e i n g  one o f  the  more homogeneous forms). 
i s o t r o p i c  carbons c o n t a i n  t h e  d i v e r s e  s t r u c t u r e s  o f  the  pa ren t  m a t e r i a l  and 
manufactured carbons a r e  mos t ly  composi te  m a t e r i a l s  made up of  s e v e r a l  carbon 
forms each of which is he te rogeneous  w i t h  a range of  s i z e l s h a p e  o f  o p t i c a l  t e x t u r e .  
As a consequence of  t h i s ,  d u r i n g  g a s i f i c a t i o n  r e a c t i o n s ,  i t  i s  observed t h a t  s u r f a c e s  
of carbons e x h i b i t  a r e a s  of s e l e c t i v e  p r e f e r e n t i a l  g a s i f i c a t i o n ,  r e s u l t i n g  i n  p i t t i n g  
and f i s s u r i n g  (6 ,  7 ) .  Thus, d u r i n g  g a s i f i c a t i o n ,  the  composi t ion of  the  carbon 
m a t e r i a l  i s  i t s e l f  changing. Likewise,  p h y s i c a l  p r o p e r t i e s  a l s o  change such a s  
s t r e n g t h  and crack r e s i s t a n c e  ( 1 5 ) .  Th i s  p rocess  of  s e l e c t i v e  g a s i f i c a t i o n  can 
thus  i n f l u e n c e  the  ' s h i f t - l i f e '  of  i n d u s t r i a l  carbon a r t i f a c t s ,  e .g .  t h e  aluminium 
anode and m e t a l l u r g i c a l  coke. 

1.6.  
g a s i f i c a t i o n  p rocesses  by e . g .  s t eam and carbon d i o x i d e  (16) .  S t u d i e s  which encompass 

r e a c t i v i t i e s ,  p a r t l y  due t o  lack  of ASA d a t a  t o  c o r r e c t  the  TSA. 
a carbon has a given ' r e a c t i v i t y '  which can p l a c e  i t  i n  a given 'pecking-order '  could 
be u s e f u l .  
gas ,  9. carbon d ioxide ,  ' peck ing-o rde r s '  depend upon expe r imen ta l  c o n d i t i o n s .  
When s e v e r a l  gases  a r e  cons ide red  t h e  concept  of  a r e a c t i v i t y  pecking-order  f o r  a l l  
gases  i s  v i r t u a l l y  uns tud ied .  

2.  OBJECTIVES The o b j e c t i v e s  o f  t h i s  pape r  a re  ( a )  t o  p repa re  ca rbons ,  w i t h  a s i z e  
r ange  o f  o p t i c a l  t e x t u r e ,  made from pure  model o r g a n i c  compounds and Ashland A240 
petroleum p i t c h  c o n t a i n i n g  chemical  and i n e r t  a d d i t i v e s ;  (b) t o  s tudy  the  g a s i f i c a t i o n  
o f  t h e s e  carbons by carbon d i o x i d e  and r e l a t i n g  r a t e s  t o  o p t i c a l  t e x t u r e  and topo- 
g r a p h i c a l  f e a t u r e s  of p i t t i n g  e t c .  u s i n g  scann ing  e l e c t r o n  microscopy (SEM); (c )  t o  
s tudy  the  r e l a t i v e  r e a c t i v i t i e s  o f  p i t c h  cokes o f  d i f f e r e n t  o p t i c a l  t e x t u r e s  t o  
N20, 02 and CO2 as we l l  as spontaneous i g n i t i o n  t empera tu res  (SIT) i n  a i r ;  (d)  t o  
s tudy  t h e  r e l a t i v e  e f f i c a c i e s  of c a t a l y s t s  i n  e q u a l  c o n c e n t r a t i o n s ,  i n  carbons of 
d i f f e r e n t  o p t i c a l  texLures  from t h e  Ashland A240 p i t c h .  

Thus,  w i t h i n  a n i s o t r o p i c  carbons a lone  wide v a r i a t i o n s  i n  s t r u c t u r e  

i m p u r i t i e s .  These o t h e r  e lements  s i g i i i f i c a n t l y  a f f e c t  r a t e s  of  g a s i f i c a t i o n  r e a c t i o n s ,  

-~ 

The non-g raph i t i z ing  

- 

The r e a c t i v i t y  o f  carbons Rate  expres s ions  have been developed t o  d e s c r i b e  

' f a m i l i e s '  of carbons i n t o x n e t i c  d a t a  a r e  l i m i t e d  (17 )  but  i n d i c a t e  a s p r e a d  of I 
The concept  t h a t  

The l i m i t e d  ev idence  a v a i l a b l e  s u g g e s t s  t h a t  even f o r  a s i n g l e  g a s i f y i n g  

I 

3.  EXPERIMENTAL AND RESULTS 
3.1. Use of model corn ounds (18) 
n i t r o g e n ,  i n  tube furn:ces t o  1273 K (lOOO°C) a t  5 K min-' of acenaphthylene ( I ) ,  
a c r i d i n e  ( I I ) ,  anthrone ( I I I ) ,  t h i a n t h r o n e  (IV) as w e l l  as 9 : l  and 1:l mixtures  of 
acenaphthylene wi th  11 t o  I V  and c e l l u l o s e  (V). OpFical t e x t u r e s  were a s ses sed  by 
o p t i c a l  microscopy (11) and r a t e s  o f  g a s i f i c a t i o n  i n  carbon d i o x i d e  were measured 
g r a v i m e t r i c a l l y  u s i n g  a S tan ton  Redc ro f t  STA 780 wi th  microbalance f a c i l i t y  (DTG) 

Carbons were p repa red  by c a r b o n i z a t i o n  under 
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CO? f low r a t e  o f  50 cm3min-l. o a r t i c l e  s i z e  250-500 um, between 1073 and 1273 K. 

I I >60 8 

, .  
R e s u l t s  a r e  summarized i n  Table  1. 

1 4 0  

Table 1. 

I1 
111 
I V  

9 : l  ( 1 : I I )  
1:l ( 1 : I I )  
9 : l  ( 1 : I I I )  
1:l ( 1 : 1 I I )  
9 : l  ( 1 : I v )  
1:l (1 : Iv)  
9 : l  (1:v) 
1:l (1 :v)  

10-60 
<1  

>60 
>60 

5-30 
<5-30 

5-30 
<5-30 

5-30 
1.5-5.0 

I s o t r o p i c  

20 

56 
19 
22 
13 

185 
12 
17 
23 
9 2  

28 
186 
1 7 0  
180 
88 
- 

1 6 0  
- 
- 

120 
170 
200 

Rates  of g a s i f i c a t i o n  a r e  expressed  on a g g-ls-' ( i . e .  s-') b a s i s .  
a r e  not measured. 
( 8 ~ 1 0 - ~  s - l )  and l a r g e s t  o p t i c a l  t e x t u r e .  The t h r e e  carbons o f  s m a l l e s t  o p t i c a l  
t e x t u r e  from (IV) ( 1 : l  (1:III)) ( l : l ( I : V ) )  have t h e  h i g h e s t  r e a c t i v i t y  k. 56, 
185 and 9 2 ~ 1 0 - ~  s" r e s p e c t i v e l y .  C e r t a i n l y ,  t h e  presence  o f  he te roa toms w i t h i n  
t h e  carbon, e. n i t r o g e n  (TI), oxygen (111 and V) and s u l p h u r  enhance r e a c t i o n  r a t e s ,  
the  oxygen b e i n g  t h e  most e f f e c t i v e .  As t h e  s i z e  of o p t i c a l  t e x t u r e  decreased ,  t h e  
topographica l  f e a t u r e s  o f  g a s i f i c a t i o n  changed from f i s s u r e s  t o  p i t t i n g .  

3.2.  Use o f  Ashland A240 pe t ro leum p i t c h  (18) Carbons were p r e p a r e d  from Ashland 
A240 p i t c h ,  s i n g l y  and wi th  a d d i t i o n s  of c e l l u l o s e  and s u l p h u r ,  as d e s c r i b e d  above. 
R e a c t i v i t i e s  were measured 1073-1273 K and s u r f a c e  a r e a s  m a s u r e d  v o l u m e t r i c a l l y  a t  
77 K u s i n g  krypton  a s  adsorba te .  Resul t s  a r e  s u m r i z e d  i n  Table  2. 

Sur face  a r e a s  
The pure carbon (wi thout  he te roa toms)  (I) h a s  t h e  lowest r e a c t i v i t y  

1 

Table 2 .  

\ Dominant Rate a t  A c t i v a t i o n  S u r f a c e  Area/ Rate.  a t  1240 K 1 1 S i z e  o f  1 1240 K / /  Energy/ I -1 1 
O p t i c a l  S-1x10-6 kJ m1-l R s-1m-2x10-6 

Texturelpm 

A240+v 1:l 1.5-5.0 1.21 
A24WS 9 : l  5-10 185 0.48 11 
A240+s 6 : l  I s o t r o  i c  155 2.04 

Compared w i t h  t h e  d a t a  of Table  1, carbons from A240 p i t c h  a r e  l e s s  r e a c t i v e  
than  carbons from acenaphthylene ( u n i t s  of s-'). In t h e s e  u n i t s  t h e  a d d i t i o n  of 
oxygen i n  c e l l u l o s e  (more so)  and su lphur  ( l e s s  so) enhances the  r a t e s  o f  g a s i f i c a t i o n .  
But when expressed  i n  u n i t s  of g s - % I - ~ ,  t h e  r a t e s  of g a s i f i c a t i o n  d e c r e a s e  wi th  
a d d i t i o n  o f  c e l l u l o s e  and s u l p h u r ,  e. the  ASA a p p a r e n t l y  d e c r e a s e s .  
e n e r g i e s  a l s o  d e c r e a s e .  

3 . 3  
d iameter ,  t o  p i t c h  m a t e r i a l s  i n f l u e n c e  t h e  c a r b o n i z a t i o n  p r o c e s s  by r e s t r i c t i n g  
coalescence o f  mesophase (19, 20). Consequently,  t h e  p r o g r e s s i v e  a d d i t i o n s  o f  such 
s o l i d s  ( o f t e n  r e f e r r e d  t o  as QI m a t e r i a l )  t o  a p i t c h  can reduce  t h e  s i z e  of o p t i c a l  
t e x t u r e  of r e s u l t a n t  carbon from domains ( > b o  u m  d i a )  t o  i s o t r o p i c  (<0 .5  u m  d i a ) .  
This 'mechanical'modification t o  o p t i c a l  t e x t u r e  is d i s t i n c t  from t h a t  brought about 
by ' chemica l '  a d d i t i o n s ,  as i n  Tables  1, 2. E x p e r i m e n t a l l y ,  carbons were prepared  
from A240 p i t c h  con ai i n g  known d i s p e r s i o n s  of TK800 s i l i c a  ( p a r t i c l e  d i a  -10 nm; 
s u r f a c e  a r e a  -150 m g ) .  Rates of g a s i f i r a t i o n  and s u r f a c e  a r e a s  were measured a s  
descr ibed  above. R e s u l t s  a r e  sunnnarized i n  Table  3 .  R a t e s  a r e  c o r r e c t e d  f o r  s i l i c a  
conten t .  

A c t i v a t i o n  

Addition of TK800 s i l i c a  t o  A240 p i t c h  Addi t ions  o f  ' i n e r t ' s o l i d s ,  <1 u m  

5 -P 
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Table  3. 

10% 0.5-1.5 26 220 290 
15% 0.5-1.5 83 145 
25% 0.5-1.5 130 190  12 

of TK800 

Addi t ions  o f  ' i n e r t '  s i l i c a  h a v e  s i g n i f i c a n t  e f f e c t s  on t h e  r a t e s  of g a s i f i c a t i o n  
when expressed  i n  u n i t s  of g s-lm-2, r a t e s  v a r y i n g  by t h r e e  o r d e r s  o f  magnitude. The 
' i n e r t '  m a t e r i a l  should  n o t  b e  cons idered  a s  b e i n g  chemica l ly  i n e r t .  Its a d d i t i o n  t o  
t h e  p i t c h  and i t s  presence  i n  the l i q u i d  c r y s t a l  phase of c a r b o n i z a t i o n  m u s t  i n f l u e n c e  
t h e  chemistry of conversion of p i t c h  t o  carbon such t h a t  major changes r e s u l t  i n  the  
ASA of t h e  carbon,  more than  observed  by chemical a d d i t i o n s .  I n  a s e p a r a t e  experiment 
o f  mechanical mix ing  o f  carbon w i t h  t h e  TK BOO s i l i c a ,  the  l a t t e r  w a s  no t  observed t o  
be  a c a t a l y s t  t o  g a s i f i c a t i o n  r e a c t i o n s .  

3 . 4 .  R e l a t i v e  r e a c t i v i t i e s  of p i t c h  cokes (21) Cokes were prepared  from 21 p i t c h  
m a t e r i a l s  and examined by o p t i c a l  microscopy w i t h  r a t e s  of g a s i f i c a t i o n  be ing  
measured u s i n g  oxygen, n i t r o u s  oxide  and carbon d i o x i d e .  Spontaneous i g n i t i o n  
tempera tures  (SIT) (21) were de te rmined  i n  s t a t i c  a i r .  Table  4 l i s ts  t h e  p i t c h  
cokes i n  i n c r e a s i n g  SIT v a l u e s ,  *.of d e c r e a s i n g  r e a c t i v i t y  ( 1  t o  21) t o g e t h c r  
w i t h  an o p t i c a l  t e x t u r e  index  (OTI) a measure of average s i z e  o f  o p t i c a l  t e x t u r e  (12) ,  
QI content of p i t c h  and kCO 
o r d e r  o f  p i t c h  cokes r e l a t i s e  t o  t h e  o r d e r  e s t a b l i s h e d  based  on SIT. 
t h e s e  two Tables  s u g g e s t  broad  c o r r e l a t i o n s  between SIT and OTI and Q I  conten t  as 
w e l l  as ka)* ( t 2 4 0  K ) .  
g a s e s  change wi th  t h e  g a s i f y i n g  gas b e i n g  used. 
s i n g l e  g a s ,  e. carbon d i o x i d e ,  depends upon t h e  tempera ture  o f  measurement of the  
r a t e  of g a s i f i c a t i o n .  There i s  an i d e n t i f i a b l e  c o r r e l a t i o n  between SIT and b2 and 
kN20. However, a t  t h e  h i g h e r  t e m p e r a t u r e s  needed t o  de te rmine  k some major 
displacements of p o s i t i o n  occur .  
a func t ion  of t h e  gas used as w e l l  as b e i n g  a f u n c t i o n  of the  s t r u c t u r e  of the  carbon. 
An unknown f a c t o r  i n  t h i s  p a r t i c u l a r  s t u d y  i s  t h e  lack  of knowledge of p o s s i b l e  
c a t a l y t i c  m i n e r a l  i m p u r i t i e s  w i t h i n  t h e  p i t c h  coke and d e r i v e d  from t h e  p i t c h .  
C a t a l y s i s  i s  s e n s i t i v e  t o  t h e  r e a c t i n g  gas (4)  and t h e  tempera ture  of g a s i f i c a t i o n  
and t h i s  f a c t o r  may account f o r  d i sp lacements  i n  t h e  pecking-order.  

3.5.  C a t a l y s t  e f f i c a c i e s  i n  p i t c h  carbon The A240 p i t c h  and p i t c h e s  No. 16 and 14 
were doped w i t h  n i c k e l  a c e t y l a c e t o n a t e  and sodium c h l o r i d e  accord ing  t o  t h e  r a t i o s  
i n  Table 6 and carbonized  as d e s c r i b e d .  R e a c t i v i t i e s  o f  r e s u l t a n t  carbons t o  carbon 
d ioxide  were a s s e s s e d  t o  g ive  a r a t e  a t  1240 K (kc0  1. Relevant d e t a i l s  and r e s u l t s  
a r e  i n  Table 6 .  
more e f f e c t i v e  i n  carbons of medium s i z e d  o p t i c a l  t e x t u r e ,  a s  f o r  p i t c h  carbons 
(No. 16). 
carbons of h i g h  r e a c t i v i t y ,  - e . g .  Nos. 1, 3 ,  5 ,  6 ,  ?4 may conta in  c a t a l y t i c a l l y  a c t i v e  
m i n e r a l  i m p u r i t i e s .  

4. CAUSES OF SELECTIVE GASIFICATION Examination of s u r f a c e s  of carbons ,  a f t e r  
g a s i f i c a t i o n ,  by scanning  e l e c t r o n  microscopy i n d i c a t e s  t h e  formation o f  f i s s u r e s  
w i t h i n  carbons of l a r g e s t  s i z e  o p t i c a l  t e x t u r e  and of p i t t i n g  w i t h i n  carbons of 
s m a l l e s t  s i z e  o f  o p t i c a l  t e x t u r e .  T h i s  i m p l i e s  a h e t e r o g e n e i t y  of s t r u c t u r a l  
components w i t h i n  t h e  carbon. I n  d i s c u s s i n g  g a s i f i c a t i o n  mechanisms the  (e .g . )  
carbon d ioxide  molecule r e a c t s  s p e c i f i c a l l y  w i t h  only  ONE carbon atom i n  t h e  
a v a i l a b l e  s u r f a c e .  
(3.) p i t t i n g  impl ies  e i t h e r  t h a t  a volume element w i t h i n  t h e  carbon is  more 
' r e a c t i v e '  than  t h e  sur rounding  carbon, o r  t h a t  t h e  removal of a s i n g l e  carbon 
atom or  even a p l a n a r  hexagonal network o f  carbon atoms may induce OK c r e a t e  a 

(1240 K) i n  u n i t s  of s-'. Table  5 l ists  t h e  pecking- 
The d a t a  w i t h i n  

It i s  s e e n  t h a t  the  pecking-orders of r e a c t i v i t i e s  i n  d i f f e r e n t  
The pecking-order ,  when u s i n g  a 

T h i s  s u g g e s t s  t h a t  t h e  ASA of %bons could b e  

These a r e  p r e l i m i n a r y  d a t a  and s u g i e s t  t h a t  t h e  c a t a l y s t s  may b e  

Comparison o f  Table 4 wi th  6 ,  u s i n g  kCO (1240 K) d a t a ,  sugges t  t h a t  t h e  

The e x i s t e n c e  of p r e f e r e n t i a l  s e l e c t i v e  g a s i f i c a t i o n  t o  produce 
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Based on O p t i c a l  QI 
S I T  v a l u e s  T e x t u r e  Content/  

(low t o  h i g h )  Index  w t .  % 
I 7.3 8.1 
2 3.2 

3 1 7.6 
4 3.6 

k a t  1240 K 
“2 

s-1x10-6 
6 8  

5 6 .4  
6 7.2 
7 I 5.7 
8 
9 

10 
11 
12 
1 3  
14 
1 5  
16  
17 

12.8 
3.6 
7.4 
4.7 

10.2 
5 .2  
2.9 
8.7 
4.6 

10.8 
18 7 . 0  
19 12.8 
20 I 11.4 
2 1  I 1 4 . 0  

17.6 
10.9 
24.7 

7.7 
8.5 
8.0 
0.8 

20.3 
8 .4  

15.6 
5.7 

11.0 
17.7 
0.8 

18.0 
0.3 

10.6 
3 . 1  
0.1 
0.2 

36 
42 
25 
67  
49 
14  
33  
31 
29 
19 
26 
2 1  
42 
27 
11 
35 
14 
11 
10 
7 

T a b l e  5. 

Pecking-Order for 2 1  P i t c h  Cokes 
(Most Reac t ive  t o  Leas t  Reac t ive)  

Based on Based on  Based on Based on kCO 

(low t o  h i g h )  ( h i g i  t o  low) (h igh  t o  low) ( h i g h  t o  low) 
SIT v a l u e s  :900 K kN20:900 K 1173 K 1273 K 1223 K 

1 3 1 1 14 1 4  
2 1 11 5 1 5 
3 2 3 3 5 1 3  
4 6 5 8 3 4 
5 7 6 2 10 3 
6 10 7 6 9  1 
7 11 8 14  20 6 
8 8 4 10 6 2 
9 5 10 13 4 7 

10 4 2 1 7  13 10 
8 18 11 1 2  9 16 

12 13 15 7 17  19  
2 20 13  9 12 20 

14 1 4  14 12 1 2  15 
1 5  16  19  11 15 12  
16 18 13  15 18 8 

4 11 11 1 7  15 17 
18 19 18 9 7 17 

19 19 16 19 17 16  
2 1  16  19 20  20 20 
18 21 2 1  21 2 1  21 

Average di-splaced p o s i t i o n  __ 1.91 __ 1.95 3.82 4.38 4.10 
- - _ _  - 
- - -  
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Table  6 .  

m r e  r e a c t i v e  

Carbon 

A240 

A240 + 0.01 mol  N i  
A240 + 0 . 0 1  m o l  Na 
A240 + 0.034 mol N a  

P i t c h  No. 16 
+ 0.01 mol N i  
+ 0.01 mol Na 

0.034 m o l  Na 

P i t c h  No .  14 
+ 0.01 mol N i  
+ 0 . 0 1  mol Na 

0.034 mol Na 
j l t l O n .  The d a t a  o f i  

a t  1240 K OTI 
co2- 

s 1x10-6 

4.6 

2.9 
120 
100 
140 

l e  3 s u g g e s t  t h a t  CG 

Content/  
W t .  x 

17.7  

ions of d i f f e r e n t  o p t i c a l  
t e x t u r e  c a n  have markedly d i f f e r e n t  r e a c t i v i t i e s ,  p a r t i c u l a r l y  i f  o p t i c a l  t e x t u r e  is  
i n f l u e n c e d  by t h e  presence  o f  ' i n e r t '  (QI) m a t e r i a l  w i t h i n  t h e  p i t c h .  I n  carbon 
composites o r  even i n  s i n g l e  c a r b o n s ,  t h e  e x i s t e n c e  o f  a r a n e e  of s i z e  o f  o p t i c a l  
t e x t u r e  is conmon exper ience .  The d i f f e r e n c e s  i n  r e a c t i v i t i e s  between t h e s e  'macro- 
c r y s t a l s '  of o p t i c a l  t e x t u r e  may account  f o r  s e l e c t i v e  g a s i f i c a t i o n  p r o c e s s e s .  

However, t h e  reason  why c e r t a i n  ' m a c r o c r y s t a l s '  a r e  more r e a c t i v e  h a s  t o  be  
cons idered  s p e c i f i c a l l y .  Dur ing  g a s i f i c a t i o n ,  (s.) carbon d i o x i d e  probably  r e a c t s  
p r e f e r e n t i a l l y  wi th  carbon atoms at p r i s m a t i c  edge p r e s e n t a t i o n s  or a t  d e f e c t s  w i t h i n  
t h e  b a s a l  p l a n e s  of t h e  p l a n a r  ne tworks  ( 2 2 ) .  A s t u d y  of shape  and s i z e  of t h e s e  p l a n a r  
networks ( w i t h i n  carbons of s e v e r a l  o p t i c a l  t e x t u r e s )  by phase c o n t r a s t  h igh  r e s o l u t i o n  
e l e c t r o n  microscopy (23) s u g g e s t s  t h a t  a s  t h e  s i z e  of o p t i c a l  t e x t u r e  decreases  s o  t h e  
s i z e  and p l a n a r i t y  of t h e  networks o f  carbon atoms a l s o  d e c r e a s e s .  T h i s  s u g g e s t s  t h a t  
t h e  MA of a carbon s u r f a c e  i s  dependent  upon t h e  s i z e  and p e r f e c t i o n  of t h e  networks 
which make up t h a t  p lane  and t h a t  t h e s e  f a c t o r s  a r e  n o t  independent of o p t i c a l  t e x t u r e .  
V a r i a t i o n s  o f  ' r e a c t i v i t y '  between carbon atoms i n  d i f f e r e n t  p o s i t i o n s  w i t h i n  a network 
have r e c e n t l y  been r e p o r t e d  (24) .  However, t h e  p r e s e n c e  o f  c a t a l y t i c  m i n e r a l  i m p u r i t i e s  
w i t h i n  t h e  carbon can o v e r r i d e  t h e  above d e l i b e r a t i o n s .  
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CATALYZED CARBON GASIFICATION: THERMAL DESORPTION STUDIES ON CARBON-OXYGEN SURFACE 
COMPLEXES 
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Fue l  Sc ience  Program 
Department of M a t e r i a l s  Science and Engineer ing 

The Pennsylvania  S t a t e  U n i v e r s i t y ,  U n i v e r s i t y  Pa rk ,  PA 16802 

INTRODUCTION 

The exposure of a c l e a n  carbon s u r f a c e  t o  oxygen r e s u l t s  i n  t h e  fo rma t ion  of 
s t a b l e  oxygen complexes ( I ) .  A l a r g e  v a r i e t y  of s t u d i e s ,  e .g . ,  c h e m i s o r p t i o n ,  
d e s o r p t i o n ,  and s p e c t r o s c o p i c ,  have been performed t o  understand t h e  n a t u r e ,  
composi t ion and s t a b i l i t y  of t h e s e  complexes (2-12).  The programmed t empera tu re  
d e s o r p t i o n  t echn iques  have proved t o  be u s e f u l  i n  y i e l d i n g  in fo rma t ion  on t h e  t o t a l  
amount of oxygen p r e s e n t  on t h e  ca rbon  s u r f a c e ,  t h e  amounts of CO and C 0 2  i n  
t h e  desorbed product  and t h e  e n e r g e t i c s  of t he  complex d e s o r p t i o n .  Many workers  have 
used temperature  programmed d e s o r p t i o n  t echn iques  t o  s tudy  the  carbon-oxygen s u r f a c e  
complexes (10-12).  However, t h e  m a j o r i t y  of t h e  work has  been performed on "pure" 
carbons.  Very l i t t l e  work has  been conducted p rev ious ly  on the e f f e c t  o f  added 
c a t a l y s t ( s )  on the  decomposi t ion o f  carbon-oxygen s u r f a c e  complexes.  I n  r e c e n t  
s t u d i e s  on a g rapha t i zed  Eurnace b l a c k ,  Vulcan 3 (V3G), i t  has  been found t h a t  
d e p o s i t i o n  of P t  on t h e  carbon s u r f a c e  l e a d s  t o  s i g n i f i c a n t  enhancement of t h e  
C - 0  r e a c t i o n  r a t e  ( 1 3 ) .  To e l u c i d a t e  the  cause of t h i s  enhanced r e a c t i v i t y  i t  
was decided t o  conduct  l i n e a r  t empera tu re  programmed d e s o r p t i o n  (LTPD) s t u d i e s  of 
t h e  carbon-oxygen s u r f a c e  complexes formed on t h e  P t -VHG.  

2 

EXPERIMENTAL 

i.  M a t e r i a l s  - A g r a p h i t i z e d  Eurnace b l a c k ,  Vulcan 3,  was used i n  t h i s  
i n v e s t i g a t i o n .  The g r a p h i t i z a t i o n  procedure used i s  d e s c r i q e d  e l sewhere  ( 1 5 ) .  The 
V 3 G  has a t o t a l  s u r f a c e  a r e a  (BET, N 2 ,  77 K) of about  60 m /g (16 ) .  
Plat inum was depos i t ed  on t h e  V3G from a c h l o r o p l a t i n i c  a c i d  s o l u t i o n .  Subsequen t ly ,  
c h l o r o p l a t i n i c  a c i d  was reduced t o  P t  by h e a t i n g  the sample t o  775 K i n  f lowing 
H fo r  15 h.  Two samples of V3G wi th  d i f f e r i n g  amounts of P t  were p repa red .  The 
P i  c o n t e n t  i n  t h e  two samples w a s  0.075% and 1.07% ( u t ) ,  r e s p e c t i v e l y .  These samples 
a r e  r e f e r r e d  a s  0.075% Pt-V3G and 1.07% P t -  V3G. 

i i .  Apparatus - The LTPD s t u d i e s  were conducted i n  a h o r i z o n t a l  m u l l i t e  tube 
fu rnace .  Samples (-1-1.2 g )  were h e l d  i n  an alumina b o a t .  The fu rnace  t empera tu re  
was c o n t r o l l e d  u s i n g  a Eurotherm ana log  t empera tu re  c o n t r o l l e r  and programmer u n i t .  
The sample t empera tu re  was measured abou t  5 nun above the  c e n t e r  of t h e  boa t  u s ing  a 
chromel-alumel thermocouple.  C o n c e n t r a t i o n s  o f  CO and CO i n  t he  N 
s t ream d u r i n g  d e s o r p t i o n  were measured con t inuous ly  us ing2nond i spe r s ive  i n f r a r e d  
a n a l y z e r s  (Beckman Model 865) .  I n  t h i s  system the  s e n s i t i v i t y  t o  measure CO and 
CO 
flow r a t e s  were c o n t r o l l e d  u s i n g  f i n e  need le  v a l v e s  and measured u s i n g  a soap-bubble 
me te r .  Oxygen chemiso rp t ion  w a s  performed u s i n g  dry grade a i r .  Desorp t ion  was 
performed i n  f lowing u l t r a  h i g h  p u r i t y  n i t r o g e n  (99 .999%).  

iii. Procedure - In t h e  c a s e  of 0.075% Pt-V3G and 1.07% Pt-V3G samples ,  t he  
procedure involved f i r s t  bu rn ing  o f f  t h e  sample t o  24% weight  loss  i n  a i r  a t  a 
s e l e c t e d  temperature .  Subsequen t ly ,  LTPD w a s  performed. L a t e r  a s e r i e s  of oxygen 
chemisorption-LTPD expe r imen t s  were c a r r i e d  o u t  on t h e  same sample i n - s i t u .  
Deso rp t ion  was always c a r r i e d  o u t  i n  f lowing n i t r o g e n  (300 cc/min)  a t  5 K/min 
h e a t i n g  r a t e  t o  the  maximum tempera tu re  of 1230 K and 3 h soak t ime.  Thus, t h e  
sequence f o r  a Pt-V3G sample was ( a )  i n i t i a l  r e a c t i o n  (B.O.), ( b )  d e s o r p t i o n ,  

2 

i n  t h e  gas s t r eam was approx ima te ly  1 ppm and 0 . 5  ppm, r e s p e c t i v e l y .  Gas 2 
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(C) Oxygen a d s o r p t i o n ,  ( d )  d e s o r p t i o n ,  ( e )  oxygen a d s o r p t i o n ,  ( f )  d e s o r p t i o n .  I n  t h e  
Case Of Pure V3G, t h e  sample used a l r e a d y  had been g a s i f i e d  t o  24% burn-off  (B.0.) 
i n  a s e p a r a t e  tube fu rnace  a t  723 K i n  0 .1  MPa of dry a i r .  T h e r e f o r e ,  i n  t he  case  of 
Pure V3G sample the  sequence was somewhat d i f f e r e n t .  
t empera tu re  s e l e c t e d  f o r  t he  3 
were d i f f e r e n t  such t h a t  t he  r e a c t i o n  r a t e  f o r  t he  t h r e e  samples  would be s i m i l a r  
d u r i n g  the  g a s i f i c a t i o n .  A l l  t he  t h r e e  samples were burned-off  t o  the same l e v e l  Of 
a c t i v a t i o n  ( 2 4 % ) .  The a d d i t i o n a l  g a s i f i c a t i o n  t h a t  occu r red  d u r i n g  
adso rp t ion -deso rp ton  c y c l e s  was small  ( - 1 % )  and was n e g l e c t e d .  

The g a s i f i c a t i o n  r e a c t i o n  
samples (pu re  V3G, 0.075% Pt-V3G and 1.07% Pt-V3G) 

RESULTS AND D I S C U S S I O N  -- 
Data ob ta ined  i n  each run c o n s i s t  of CO and CO d e s o r p t i o n  r a t e s  a s  a 2 f u n c t i o n  of t empera tu re l t ime .  F igu re  1 and F igure  2 show t h e  d e s o r p t i o n  p r o f i l e s  of 

co and C O z I  r e s p e c t i v e l y ,  ob ta ined  f o r  t he  3 samples under  t h e  same 
chemiso rp t ion  c o n d i t i o n s .  These f i g u r e s  do no t  show t h e  d e s o r p t i o n  r a t e s  d u r i n g  the 
3 h soak pe r iod .  The d e s o r p t i o n  p r o f i l e s  ob ta ined  under t h e  d i f f e r e n t  chemiso rp t ion  
c o n d i t i o n s  were s i m i l a r  i n  o v e r a l l  n a t u r e .  The CO d e s o r p t i o n  r a t e  i n  a l l  c a s e s  d i d  
no t  s t o p  a t  1230 K ,  b u t  upon soak ing  t h e  sample f o r  3 h a t  1230 K ,  t h e  d e s o r p t i o n  
r a t e s  reduced t o  a very low l e v e l .  A s  can be seen ,  t h e  CO and Cog d e s o r p t i o n  
r a t e  p r o f i l e s  a r e  very d i f f e r e n t .  A s  examples ,  CO d e s o r p t i o n  s t a r t e d  a t  a 
lower temperature  than  d i d  t h e  CO d e s o r p t i o n ;  t he  e v o l u t i o n  of COP was complete  
i n  a temperature  range where t h e  CO d e s o r p t i o n  r a t e  was r each ing  a peak; and the  
CO d e s o r p t i o n  p r o f i l e s  had more peaks than d i d  t h e  CO p r o f i l e .  In t h e s e  
exBeriments i t  was always found t h a t  t h e  amount of oxygen complex t h a t  desorbed a s  
C 0 2  was much l e s s  t han  t h a t  desorbed a s  CO ( s e e  Table  1 ) .  From the  s t u d i e s  
performed a t  d i f f e r e n t  t empera tu res  i t  was found t h a t  a s  t h e  chemiso rp t ion  
t empera tu re  was lowered (713-303 K) t hen  the  t empera tu re  a t  which the  CO d e s o r p t i o n  
s t a r t e d  was a l s o  lowered.  However, t h e  t empera tu re  a t  which t h e  CO d e s o r p t i o n  r a t e  
was a maximum seemed t o  be independent  of t h e  chemiso rp t ion  t empera tu re  ( and ,  
t h e r e b y ,  a l s o  was independent  of t h e  amount of oxygen on t he  s u r f a c e ) .  This s u g g e s t s  
t h a t  t he  CO d e s o r p t i o n  r a t e  is  a un imolecu la r  p rocess  ( 1 7 ) .  I n  a l l  c a s e s ,  a shou lde r  
i n  t h e  CO d e s o r p t i o n  r a t e  appeared a t  h igh  t empera tu re  (1100-1230 K). The presence 
o f  a shou lde r  i n d i c a t e s  t he  presence of more than one k ind  of s i t e s  andfo r  oxygen 
complexes deso rb ing  a s  CO. 
d e s o r p t i o n  s t a r t e d  a t  lower t empera tu re  i f  t h e  O2 chemiso rp t ion  was performed 
a t  lower t empera tu re .  The t empera tu res  a t  which peaks i n  C 0 2  e v o l u t i o n  r a t e  
appeared a l s o  seemed t o  be independent  of t h e  chemiso rp t ion  t empera tu re  ( a n d ,  t h u s ,  
o f  t he  amount of 0 on the  s u r f a c e ) .  Again,  t h i s  s u g g e s t s  f i r s t  o r d e r  
decomposi t ion beha6 io r  f o r  C 0 2 .  Presence of P t  appea r s  to have s h i f t e d  the  peak 
i n  CO d e s o r p t i o n  r a t e  t o  a s l i g h t l y  lower t empera tu re  (965 K t o  950 K). However, t h e  
h i g h e r  temperature  shou lde r  appea r s  t o  be l i t t l e  a f f e c t e d  by the  presence of P t .  I t  
shou ld  be noted t h a t  d e s o r p t i o n  of C 0 2  appea r s  t o  be markedly a c c e l e r a t e d  by 
P t .  For P t  c o n t a i n i n g  samples the  low t empera tu re  peak (570 K) was p r e s e n t .  However, 
t h i s  peak was a b s e n t  i n  t h e  pure V3G d e s o r p t i o n  p ro f i , l e .  A l so ,  p r o p o r t i o n a t e l y  more 
CO desorbed a t  lower t empera tu res  i n  the  c a s e  of Pt-V3G compared t o  pure V3G. 

2 

A s  was the  case  f o r  CO d e s o r p t i o n ,  t h e  C 0 2  

2 

The d e s o r p t i o n  p r o f i l e s  can be i n t e g r a t e d  t o  o b t a i n  t o t a l  amount of oxygen 
desorbed a s  CO and C 0 2  i n  each c a s e .  Table  I g i v e s  t h e  t o t a l  amount oE oxygen 
and the  amount of oxygen t h a t  desorbed a s  CO and C 0 2  from t h e  3 s a m p l e s .  The 
amount of  oxygen chemisorbed i n c r e a s e d  wi th  i n c r e a s i n g  chemiso rp t ion  t empera tu re .  I t  
a l so  inc reased  wi th  i n c r e a s e  i n  P t  c o n t e n t .  The amount o f  0 a s s o c i a t e d  wi th  P t  
i n  t h e s e  c a s e s  was very small ( - 5 % )  and was n e g l e c t e d .  2 

The amount of oxygen chemisorbed on a carbon sample can be used to de t e rmine  
t h e  a c t i v e  s u r f a c e  a r e a  of t h e  carbon a s  d e s c r i b e d  by La ine  e t  a l .  ( 1 9 ) .  In t he  case  
of 0.075% Pt-V3G (24% B.O.), t h e  amount of oxygen chemisorbed a t  473 K and 0.1 MPa 
a i r  f o r  1 2  h corresponded t o  abou t  LO% of t h e  t o t a l  s u r f a c e  a r e a .  For 1.07% Pt-V3G 
(23.5% B.O. )  and V3G ( 2 4 %  B.O. )  t h e  amount of O2 chemisorbed a t  473 K 
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and 0 . 1  MPa a i r  corresponded t o  abou t  13% and 6.5% of t h e  t o t a l  s u r f a c e  a r e a ,  
r e s p e c t i v e l y .  This s i g n i f i c a n t l y  h i g h e r  amount of oxygen adsorbed i n  t he  presence of 
P t  could be due t o  s p i l l o v e r  o f  O2 from P t  on to  carbon b a s a l  p l a n e s .  

The d e s o r p t i o n  r a t e  v e r s u s  t empera tu re  d a t a  can a l s o  be t r e a t e d  mathematical ly  
t o  y i e l d  s u r f a c e  c o m p l e x l s i t e  ene rgy  d i s t r i b u t i o n  a s  a f u n c t i o n  of s u r f a c e  coverage 
( 1 4 ) .  F igu re  3 and F igure  4 show for CO and COz, r e s p e c t i v e l y ,  t h e  d e s o r p t i o n  
s u r f a c e  s i t e / c o m p l e x  energy (E ) a s  a f u n c t i o n  of s u r f a c e  coverage.  For both 
g a s e s ,  as the  s u r f a c e  was uncovered t h e  a c t i v a t i o n  energy fo r  d e s o r p t i o n  inc reased .  
The v a r i a t i o n  i n  Ed f o r  CO d e s o r p t i o n  ( F i g u r e  3 )  w i th  s u r f a c e  coverage was 
e s s e n t i a l l y  l i n e a r  f o r  most of t he  s u r f a c e  coverage (0.2-0.8) whereas a t  the 
beginning and t h e  end of t h e  s u r f a c e  cove rage ,  t h e  v a r i a t i o n  i n  Ed was marked. 
The COP d e s o r p t i o n  energy v a r i e d  ,in a l i n e a r  f a s h i o n  f o r  t h e  i n t e r m e d i a t e  
s u r f a c e  cove rage .  But f o r  sma l l  s u r f a c e  coverage ( ~ 0 . 2 )  and l a r g e  s u r f a c e  coverage (> 
0 . 8 ) ,  E v a r i e d  r a t h e r  r a p i d l y .  The a c t i v a t i o n  energy f o r  C 0 2  d e s o r p t i o n  
v a r i e d  getween 112 KJ/mole t o  300 KJ/mole and f o r  CO, t h e  a c t i v a t i o n  energy va r i ed  
between 200 KJ/mole t o  400 KJ/mole. These v a l u e s  ag ree  w e l l  with the  v a l u e s  l i s t e d  
i n  the l i t e r a t u r e  ( 1 2 , 1 4 , 2 2 ) .  

f u n c t i o n  of s u r f a c e  oxygen coverage f o r  t h e  3 d i f f ' e r e n t  samples ,  V3G (24% B.O.), 
0.075% Pt-V3G (24% B.O.), 1.07% Pt-V3G (23.5% B . O . ) .  Chemisorpt ion on t h e s e  samples 
was done under t h e  same c o n d i t i o n s  o f  t empera tu re  and p r e s s u r e  (473 K ,  0 .1  MPa a i r ) .  
For  the CO d e s o r p t i o n  ene rgy ,  t h e  e f f e c t  of P t  appea r s  t o  be s m a l l .  The Cog 
d e s o r p t i o n  energy as a f u n c t i o n  of s u r f a c e  coverage shows marked d i f f e r e n c e  a s  P t  
c o n t e n t  on V3G i n c r e a s e s .  The a c t i v a t i o n  energy f o r  t h e  s u r f a c e  complex d e s o r p t i o n  
o f  CO d e c r e a s e d ,  a t  t he  same s u r f a c e  cove rage ,  w i t h  i n c r e a s e  i n  P t  c o n t e n t .  I n  
o t h e r  words,  t h e  p re sence  of P t  appea r s  t o  h e l p  i n  d e s o r p t i o n  of COP complexes.  
Th i s  ag rees  with the  r e a c t i v i t y  measurements performed on t hese  samples us ing  a TGA 
and a f low r e a c t o r  with n o n d i s p e r s i v e  inEra red  d e t e c t o r s  ( 1 3 ) .  In the  c a s e  of 
Pt-V3G, CO was found to  be the  s o l e  g a s i f i c a t i o n  product  a t  723 K (0 .1  MPa 
a i r ) .  The r e a c t i v i t y  of 1.07% Pt-V3G was abou t  400 times h i g h e r  compared t o  t h a t  of 
pu re  V3G. As P t  c o n t e n t  i n c r e a s e d  t h e  sample r e a c t i v i t y  i n c r e a s e d .  This  i n c r e a s e  i n  
measured r e a c t i v i t y  with P t  c o n t e n t  i s  probably r e l a t e d  to  the e a s e  of decomposi t ion 
o f  oxygen complexes a s  C 0 2  because no CO was d e t e c t e d  i n  t h e  g a s i f i c a t i o n  s t e p .  

d 

F igu res  3 and 4 a l s o  show t h e  v a r i a t i o n  i n  E f o r  CO and COP a s  a 

2 

2 

CONCLUSION 

The s u r f a c e  of V3G is he te rogeneous  i n  n a t u r e  and s e v e r a l  t ypes  of s u r f a c e  
oxygen s p e c i e s  a r e  formed upon i t s  exposure  to  02. With a d d i t i o n  of P t ,  t h e  
amount of O2 fhemisorbed on V3G i n c r e a s e s .  Under t h e  c o n d i t i o n s  used i n  t h i s  
s t u d y ,  a s i g n i f i c a n t  p o r t i o n  of t h e  V3G t o t a l  s u r f a c e  w a s  covered with oxygen, 
i n d i c a t i n g ,  p robab ly ,  s p i l l o v e r  of oxygen from P t  on to  the  carbon s u r f a c e .  The 
s t a b i l i t y  of t he  s u r f a c e  oxygen complexes depends upon the  c o n d i t i o n s  of t empera tu re  
and p r e s s u r e  under which they a r e  formed. The p resence  of P t  on t h e  V3G f u r t h e r  
changes t h e  s t a b i l i t y  of t h e  s u r f a c e  oxygen complexes.  LTPD i s  a very u s e f u l  
t echn ique  t o  s tudy  t h e  s t a b i l i t e s  of t he  s u r f a c e  oxygen s p e c i e s  formed on a carbon 
s u r f a c e .  Using t h i s  t echn ique  i t  is found t h a t  t h e  p re sence  of P t  a f f e c t s  t he  
s t a b i l i t y  of both CO and COP forming s u r f a c e  oxygen s p e c i e s .  But t h e  e f f e c t  on 
t h e  CO 
s p e c i e s .  Th i s  r e s u l t s  i n  a d e c r e a s e  i n  a c t i v a t i o n  energy f o r  COP d e s o r p t i o n  a t  
t h e  same f r a c t i o n a l  s u r f a c e  coverage from Pt-V3G compared t o  pure V 3 G .  The 
r e a c t i v i t y  measurements performed on t h e s e  samples  showed t h a t  P t  enhances t h e  
r e a c t i v i t y  o f  V3G i n  O2 by a t  least  2 o r d e r s  of magnitude and COP is t h e  
s o l e  r e a c t i o n  product  upto 715 K .  

forming s u r f a c e  oxygen s p e c i e s  i s  much more than t h e  CO forming s u r f a c e  2 
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Chemisorption Condition: 473 K-0.1 MPa Air - 12 h 95 
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GASIFICATION OF ACTIVE CARBON WITH ALUMINA-SUPPORTED POTASSIUM CARBONATE CATALYST 

E.Kikuchi, T.Momoki, M.Hirose, T.Sekiba and Y.Morita 

Department of Applied Chemistry, School of Science and Engineering, Waseda 
University, 3-4-1 Okubo, Shinjuku, Tokyo, 160, Japan. 

INTRODUCTION 

I t  was shown in our previous work tha t  carbonaceous residues from petroleum 
were gasified with extremely high e f f ic iency  in the f lu id ized  bed of alumina-sup- 
ported a lka l i  ca ta lys t s . '  In the present work, we applied the same fluidized bed 
system to  the gasification of solid carbon. Many works have been reported on the 
ca t a ly t i c  ac t iv i ty  of a lka l i  fo r  the gas i f ica t ion  of so l id  carbon such as  coal,  
char and graphite.2-8 Recent studies have showed t h a t  a1 kali-catalyzed gas i f ica-  
t ion of graphite and char proceeds via oxygen t r ans fe r  mechanism where the redox 
of a1 kal i s a l t  i s  e s sen t i a l .  3 9 - 1 1  

In the gasification of petroleum residues,  the  intermediate was carbon depos- 
i t ed  on the ca ta lys t .  I n  the case of so l id  carbon, however, ca t a ly t i ca l ly  ac t ive  
species must travel from ca ta lys t  to  the surface of so l id  carbon, and may hopefully 
return to  ca ta lys t  a f t e r  gas i f ica t ion .  
investigate how ef fec t ive ly  the alumina-supported potassium carbonate ca t a lys t  
functions in the gas i f ica t ion  of solid carbon. 

EXPERIMENTAL 

Apparatus and Procedure 

fixed-bed reactor a t  850°C and atmospheric pressure. 
made of a 40mm diameter and 400mm height s t a in l e s s  s tee l  tube. 
in a ra te  of 4.5 moles/hr a t  the bottom pa r t  of the reac tor .  
tor were described in the previous paper. Fixed-bed gas i f ica t ion  was studied 
using f ive  d i f fe ren t  packing modes of ca t a lys t  and carbon, as shown in Fig. 1 .  
Type A a n d  B beds consisted of carbon-catalyst-carbon and catalyst-carbon layers 
with thin separating layers of alumina, respectively.  
K2C03 and a small amount of carbon was packed i n  the upper layer with the major 
par t  of carbon in the lower. 
and carbon impregnated by K2C03, respectively.  
moles K2C03. 

To investigate the behavior of K2C03 supported on alumina, thermogravimetric 
analyses were performed by use of Shimadzu thermal analyser DT-30. 
were carried out under atmospheric pressure. 
lO"C/min in a stream of H 2 ,  CO o r  He. 

Materials 

I t  i s  the purpose of the present work t o  

Steam gasification of ac t ive  carbon was car r ied  out in a fluidized-bed and a 
The fluidized-bed reactor was 

Steam was supplied 
Details of the reac- 

In Type C bed ,  a mixture of 

Type D and E beds contained a carbon-catalyst mixture 
Each packed-bed contained 4 . 4 8 ~ 1 0 - ~  

The feed r a t e  of steam or C02 was 0.33 moles/hr. 

Measurements 
The sample was heated a t  a ra te  of 

An active carbon was used in the present work as a feedstock. I t  was prepared 
from coconut shell and was supplied by Tsurumi Coal CO. L t d .  The ultimate analysis 
showed 95% C ,  1 .7% 0, 0.3% H, 0.1% N, 5.1% S and 2.8% ash. 
K2C03 ca ta lys t  containing 1 . 2 8 ~ 1 0 - ~  moles K2C03/g-catalyst, was used in t h i s  work. 
The ca ta lys t  was prepared as follows: 
K2C03, and dried a t  100'C. Alumina was obtained by calcining y-alumina a t  1200°C 
for 2 hr. 

An alumina-supported 

alumina was impregnated by a solution of 

The ca ta lys t  was dried a t  350°C f o r  2 hr followed by screening and a 
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p o r t i o n  of t h e  p a r t i c l e s  i n  t h e  range o f  3 2 - 6 5  mesh were used i n  the  c a t a l y t i c  
s tud ies .  

RESULTS AND D I S C U S S I O N  

F l u i d i z e d  Bed G a s i f i c a t i o n  

The c a t a l y t i c  a c t i v i t y  o f  K 2 C 0 3  suppor ted on alumina was compared w i t h  t h a t  of 
K 2 C 0 3  supported on carbon i t s e l f .  A s  g iven i n  F i g .  2, t he  v a r i a t i o n  o f  g a s i f i c a -  
t i o n  r a t e  w i t h  r e a c t i o n  t ime  f o r  b o t h  cases over lapped i n  the whole range o f  carbon 
conversion. When carbon was comp le te l y  g a s i f i e d ,  another  dose o f  carbon was 
charged t o  t h e  r e s i d u a l  f l u i d i z e d  bed. I n  b o t h  cases, t he  carbon was g a s i f i e d  i n  
the same r a t e  w i t h  t h e  f i r s t  run,  and i t  was reproduced on repeated seve ra l  doses 
o f  a d d i t i o n a l  carbon charge. These r e s u l t s  seem t o  show t h a t  c a t a l y t i c a l l y  a c t i v e  
species r a p i d l y  t r a n s f e r  f rom c a t a l y s t  t o  t h e  su r face  o f  carbon and r e t u r n  t o  
alumina surface a f t e r  g a s i f i c a t i o n .  
below t h e  m e l t i n g  p o i n t  o f  KZCO3 (89 loC) ,  decomposit ion o r  reduc t i on  o f  K2C03 
should be i n v o l v e d  i n  the  t r a n s f e r  o f  t he  a c t i v e  species.  
was found t o  be a f u n c t i o n  o f  t h e  amount o f  carbon i n  the  f l u i d i z e d  bed, be ing 
independent of t he  c a t a l y s t  amount i n  the  range t e s t e d  ( b u l k  K / C  2 0.015). 
the amount o f  a c t i v e  species r e q u i r e d  i s  n o t  very  l a r g e .  

Thermogravimetric (TG) Study 

t i g a t e d ,  the r e s u l t s  be ing shown i n  F i g .  3. I n  f l o w i n g  He o r  CO, K 2 C 0 3  decomposed 
above 6 5 0 ° C  t o  C o n  and K 2 0  which was r e t a i n e d  by alumina. I n  a s t ream o f  HP, the 
weight  r e d u c t i o n  exceeded t h a t  o f  deca rboxy la t i on ,  showing a f u r t h e r  reduc t i on  o f  
K 2 0  t o  K.  
t o  potassium meta l  i n  f l o w i n g  He. 

Packed-bed G a s i f i c a t i o n  

A s  t he  r e a c t i o n  temperature ( 8 5 0 ° C )  was f a r  

The g a s i f i c a t i o n  r a t e  

Thus, 

Reactions o f  K 2 C 0 3  on a lumina i n  a s t ream o f  reduc ing  o r  i n e r t  gas were inves- 

Carbon p h y s i c a l l y  mixed w i t h  t h e  c a t a l y s t  was a l s o  found t o  reduce KzCO3 

TG experiments showed t h a t  K 2 C 0 3  i n  the  c a t a l y s t  was reduced by f l o w i n g  H 2  b u t  
n o t  by CO. 
C-C02 r e a c t i o n s  were performed u s i n g  packed-beds of Type A and Type B. The r e s u l t s  
a re  shown i n  F ig .  4. 
bed (Type A )  was g a s i f i e d  w i t h  a g r e a t e r  r a t e  than the  c a t a l y s t / c a r b o n  double- layer  
bed (Type B). The r a t e  o f  C-C02 r e a c t i o n  was n o t  i n f l u e n c e d  by t h e  mode o f  bed- 
packing. 
of Type A bed t o  y i e l d  H2 i s  e f f e c t i v e  t o  form K i n  the  middle l a y e r  and t o  make 
the  g a s i f i c a t i o n  i n  the  l ower  l a y e r  c a t a l y t i c .  

Fu r the r  evidence f o r  t h e  t r a n s p o r t  o f  K vapor was ob ta ined  by t h e  run  us ing a 
Type C packed-bed where K2COs was mixed w i t h  a smal l  amount o f  carbon i n  the  upper 
l a y e r .  The s o l i d  c o n t a c t  r e d u c t i o n  o f  K 2 C 0 3  by carbon was ve ry  r a p i d  and K was 
mounted on carbon i n  the  l ower  l a y e r  i n  a stream o f  n i t r o g e n .  A s  shown i n  F ig .  5 ,  
t r ans fe red  K gave a r a t e  o f  g a s i f i c a t i o n  g r e a t e r  than n o n - c a t a l y t i c  one. A s  gas i -  
f i c a t i o n  proceeded and K / C  r a t i o  increased t o  some e x t e n t ,  t h e  r a t e  o f  g a s i f i c a t i o n  
decreased w i t h  decreas ing amount o f  carbon. When t h e  c a t a l y s t  i n s t e a d  o f  KzCOS was 
packed w i t h  carbon i n  t h e  upper l a y e r ,  no apprec iab le  enhancement o f  g a s i f i c a t i o n  
r a t e  was observed probably  due t o  t h e  adhesion o f  K on alumina which d i d  n o t  enable 
the  d i s t a n t  t r a n s p o r t  o f  K i n  gas phase. 

F igure 6 shows t h e  r a t e  o f  g a s i f i c a t i o n  i n  a u n i f o r m  m i x t u r e  o f  carbon and 
c a t a l y s t ,  compared w i t h  t h a t  o f  carbon impregnated by K 2 C 0 3 .  
amount of carbon i n  t h e  bed and decreas ing K / C  r a t i o ,  the r a t e  o f  g a s i f i c a t i o n  
incredsed and s a t u r a t e d  a t  

To examine t h e  e f f e c t  o f  c a t a l y s t  r e d u c t i o n  on g a s i f i c a t i o n ,  C - H 2 0  and 

For C - H 2 0  r e a c t i o n ,  t h e  ca rbon /ca ta l ys t / ca rbon  t r i p l e - l a y e r  

It i s  thus deduced t h a t  n o n - c a t a l y t i c  C - H 2 0  r e a c t i o n  i n  t h e  upper l a y e r  

Wi th i n c r e a s i n g  

b u l k  K / C  r a t i o  around 0 . 0 3 - 0 . 3 5 .  Reduction o f  K2C03 
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and t r a n s f e r  of K would c r e a t e  a c t i v e  cen te rs  on carbon su r face .  The r a t e  o f  g a s i -  
f i c a t i o n  should be p r o p o r t i o n a l  t o  t h e  number o f  a c t i v e  cen te rs .  A t  K / C  r a t i o s  
above sa tu ra t i on ,  the number o f  a c t i v e  cen te rs  seemed t o  be determined by the 
amount of carbon, and t h e  g a s i f i c a t i o n  r a t e s  i n  bo th  cases co inc ided .  A t  K /C 
r a t i o s  below sa tu ra t i on ,  however, K2C03 on alumina seems t o  c r e a t e  l a r g e r  numbers 
of a c t i v e  centers  than K2C03 on carbon. 

Overa l l  K i n e t i c s  

Recent s tud ies  o f  Mims e t  a1.’y6 have i n d i c a t e d  t h a t  t he  r a t e  o f  K2C03- 
ca ta l yzed  g a s i f i c a t i o n  o f  amorphous carbon i s  p r o p o r t i o n a l  t o  t h e  (H20) / (H2) ra t i o ,  
i n  agreement w i t h  t h e i r  g a s i f i c a t i o n  mechanism. The r e s u l t s  ob ta ined  i n  the 
present  work were a l s o  found t o  obey t h e  f o l l o w i n g  r a t e  exp ress ion  meaning product  
i n h i b i t i o n :  

r a t e  = k.Cx.(HpO/Hz) 1 )  

where Cx meant the  number of a c t i v e  centers .  F igures 7 and 8 show rate.(Hz/H20) 
vs t h e  amount o f  t o t a l  carbon ( C t )  f o r  packed-bed and f l u i d i z e d - b e d  experiments, 
r e s p e c t i v e l y .  Here, (H2/H20) was ob ta ined  by averaging r a t i o s  a t  r e a c t o r - i n l e t  
and o u t l e t .  Assuming t h a t  Ct=Cx i n  t h e  r e g i o n  o f  l a r g e  K/C r a t i o ,  t h e  r a t e  co- 
e f f i c i e n t s  f o r  packed-bed and f l u i d i z e d - b e d  g a s i f i c a t i o n  were determined t o  be 0.54 
and 0.48 ( h r - I ) ,  r e s p e c t i v e l y .  Roughly c o i n c i d e n t  r a t e  c o e f f i c i e n t s  seem t o  mean a 
common g a s i f i c a t i o n  mechanism o p e r a t i n g  i n  the  packed-bed and f l u i d i z e d - b e d  g a s i -  
f i c a t i o n  . 
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F igu re  2. Rate o f  f l u i d i z e d - b e d  g a s i f i c a t i o n  i n  Runs; A ( 0 )  w i t h  K 2 C 0 3  
(0.123moles) on alumina (839)  t carbon (3.96moles) f o l l o w e d  by Run B (a) 
with f r e s h l y  charged carbon (3.96moles) a f t e r  a complete consumption o f  
carbon i n  t h e  preceding run;  and C ( 0 )  w i t h  KzCO3 on carbon (3.96moles) 
+ a lumina (839) f o l l o w e d  by  D ( 0 )  as Run B a f t e r  Run A. 
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F igu re  3. Thermogravimetric analyses on decomposit ion and 
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F igu re  5. Enhancement o f  g a s i f i c a t i o n  r a t e  i n  packed-bed Type C 
(0)  where K 2 C O 3  was reduced by a smal l  amount o f  carbon i n  the 
upper l a y e r ,  i n  comparison w i t h  Type B (a). 
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F igu re  6.  Rates o f  packed-bed g a s i f i c a t i o n  o f  carbon mixed 
Wi th  c a t a l y s t  (Type 0, 0 ) and K2C03 (Type E, 17 ) as a 
f u n c t i o n  o f  the amount o f  carbon i n  the  beds. 
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Gasification of Carbon Using Calcium Oxide 
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Introduction 
Extensive investigations of the catalytic action of potassium under the 

conditions of steam and hydrogen gasification have been reported (1-4). 
oxide, as a catalyst, has also been studied under various conditions of 
temperature and pressure (5,6); however, the nature of the calcium oxide 
catalysts as a function of time during gasification has not been investigated in 
detail. It was shown by Lang and Neavel (6) that calcium, in contrast to 
potassium, was not very active as a gasifying catalyst unless' it was very well 
dispersed by chemical reaction with the organic matter. 

Gasification of carbon depends upon the experimental conditions of 
preparation of the catalyst, as well as on the percent loading, temperature, and 
time of the gasification reaction. The temperature for maximum gasification 
rate varies, however, with the type of carbon as well as the catalyst present 
and its degree of dispersion. The crystallinity and structure of the carbon and 
the extent of crystallinity of the catalyst also are major factors that 
influence the rate of the gasification reaction. 
extremely pure, high-surface form of amorphous carbon, it has been chosen in 
this study as the support for the dispersed calcium oxide particles. 

study was undertaken to prepare dispersed calcium oxide on Spherocarb supports 
and to measure the change in crystallinity of the catalyst as well as the amount 
of carbon gasified at 76O0C as functions of time. 
catalytic activity of calcium oxide might be correlated with the observed 
changes in its crystallinity. 

Calcium 

Because Spherocarb is an 

In order to understand the carbon-calcium oxide system in more detail, a 

Hence, any changes in 

Experimental 
The Spherocarb particles supplied by Analab (GC012) were of high purity and 

possessed large surface areas. Impregnation of these particles was accomplished 
with an aqueous solution of calcium nitrate (Ca(N03)2-4H20 Reagent Grade, MCB) 
to give a final calcium oxide loading of 5% by weight. The concentration of the 
aqueous solution of calcium nitrate was such that the desired degree of loading 
could be achieved by the addition of 1 ml solution to the Spherocarb. 
loaded sample was dried under an infrared lamp for 2.5 hours and then 
transferred to a small silica tube which was stoppered at the narrow end with 
silica wool (Fig. 1). The sample was purged for one hour with dry nitrogen at a 
flow rate of 100 cm3/min and then the temperature was raised from room 
temperature to 54OoC. The decomposition of calcium nitrate tetrahydrate was 
allowed to proceed for 4 hours. 
gasification temperature of 76OoC. 
flow was switched to a hydrogedwater mixture. 
was 100 cm3/min and the rate of water injection was 4.82 cm3/hr. 
combination gave a mole ratio of hydrogen to water of 1:l. The water vapor was 
introduced by injection of distilled water from a syringe pump (Sage Instrument 
Model 355). 
kept at or above 200"C, is shown in Fig. 1. After the desired time under 
gasification conditions, the gas flow was switched back to nitrogen and the 
sample temperature was maintained at 760°C for an additional 30 minutes to 

The 

The temperature was then raised to the 
Once this temperature was reached, the gas 

The flow rate of the hydrogen 
This 

The complete reactor as well as the point of injection, which was 
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\ 

ensure Complete dryness. The reaction tube was removed from the furnace and 
allowed to cool under flowing nitrogen. 

Over p2O5 until x-ray diffraction patterns could be Laken with a Philips Norelco 
diffractometer using copper radiation (XCuKal=l.5405A); data were obtained with 
a graphite monochrometer at a scan rate of l020/min. 

Results and Discussion 
It was found that calcium oxide was the species present after gasification 

The sample was weighed immediately 
I after Cooling in order to minimize uptake of water. It was stored under vacuum 

, 
of the Spherocarb, was converted to calcium carbonate. This was verified by 
x-ray diffraction analysis of the products. Conversion of the carbonate to the 
oxide took place upon heating of the sample to 760°C. X-ray analysis showed 
that after only 15 minutes of gasification, only calcium oxide is present in the 
sample. There is no x-ray evidence for the presence of CaC03. The sole 
presence of calcium oxide in the product after gasification indicated that this 
was the only well-crystallized compound of calcium formed during the 

I gasification process. 
A number of gasification experiments were performed on Spherocarb samples 

containing 5 weight % calcium oxide. 
function of time is plotted in Fig. 2. There is an increase in the weight loss 

after which no additional weight loss is observed. At the end of 60 minutes, 
approximately 60% of the carbon is gasified and the calcium oxide appears to 
become deactivated. 

There appears to be a correlation between the degree of gasification of 
Spherocarb, as indicated by weight loss, and the degree of crystallinity of the 
calcium oxide. Whereas the crystallite sizes were not determined 
quantitatively, it can be seen from Fig. 3 that as gasification proceeds there 
is a marked increase in the crystallinity of the catalyst. After only 15 
minutes of gasification, the CaO peaks are broad and their sharpness continues 
to increase until at the end of 60 minutes x-ray diffraction patterns indicate 

during the gasification process, segregation and crystal growth of the catalyst 
occur. It is apparent that the calcium oxide prefers to segregate rather than 
redisperse to occupy new active sites. 

gasification was allowed to proceed under identical conditions used for the 
calcium oxide experiments. It was observed that after two hours, a 5% loading 
of potassium oxide gasified 85% of the Spherocarb compared to 60% for calcium 
oxide. Hence, it appears that potassium is a more efficient catalyst at this 
level of loading. No distinct potassium species could be identified by x-ray 
analysis of the gasified products; this would seem to indicate that the 
potassium oxide remains poorly crystallized during the entire gasification 
process. 

The percent of carbon gasified as a . with time as gasification proceeds, but this loss persists for only one hour 

\ the formation of a well-crystallized product. As loss of carbon takes place 

\ Potassium nitrate was also dispersed on Spherocarb and decomposed; 
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1. Introduction 

The use of ultra-high vacuum - torr) in conjunction with 
various electron spectroscopies has, over the past twenty years, provided 
considerable insight into adsorption on well-characterized transition 
metal surfaces. The incorporation of a high-pressure cell into the vacuum 
chamber has allowed surface species to be related to the mechanism of 
catalytic reactions (1). 

A similar approach is adopted in this work in the study of catalytic 
reactions of graphite with CO and C02. 
reactions, results are presented in this paper on the interaction of these 
molecules with a clean graphite surface. 

The experimental probes that are brought to bear on this problem are Auger 
electron spectroscopy (AES) for elemental analysis of the surface, 
temperature programmed desorption (TPD) to examine thermal decomposition 
of adsorbate species and, finally, x-ray photoelectron spectroscopy (XPS) 
in order to identify surface entities. 

Prior to studying catalytic 

2. Experimental 

The experimental apparatus is shown in Figure 1. and has been described in 
detail elsewhere ( 2 ) .  Briefly, it consists of a UHV chamber which 
contains a high-pressure cell, a double--pass cylindrical mirror analyzer 
with co-axial electron gun for Auger spectroscopy, and an X-ray source 
with a magnesium anode for XPS. The chamber is also equipped with a 
quadrupole mass spectrometer for residual gas analysis and TPD 
experiments. a 
polycrystalline carbon for high pressure reactions and TPD. and a piece of 
oriented graphite from the Carbon Products Division of Union Carbide for 
XPS . 

Two types of carbon were used in these experiments: 

3. Results 

Oxygen was the major contaminant of both graphite samples as revealed by 
AES. This could be effectively removed by extensive outgassing at 1500K 
in UHV. 
but since C-0 bond strengths are likely to be greater than for C-H, 
thermal removal of oxygen implies that all hydrogen has also been removed. 

Hydrogen, another possible contaminant is not detectable by AES, 
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3.1 co and CO2 Adsorption and Reaction 

Shown in Figure 2 are 28 m u  (CO) and 44 amu (Cop) desorption spectra 
after high exposures ( > 1 0 8 ~ )  of CO and co2 onto clean polycrystalline 
graphite at room temperature. 
The large exposures required to saturate the surface imply very low 
sticking probabilities. 

Surprisingly, both CO and CO2 give rise to identical 28 and 44amu 
spectra above 600K, exhibiting a CO2 peak at 740K and a CO peak at 
1230K. Features below 600K may originate from "physisorbed" molecules (3) 
or from desorption from supports. 
CO desorption peak at %500K). 

The number of adsorption sites on the polycrystalline sample may be 
estimated at1.5 x 1014 cm-2 from a comparison of these data with a 
desorption spectrum from a CO saturated Pt foil. The reaction between CO 
or COP and polycrystalline graphite was investigated as a function of 
sample temperature in the high pressure reactor. The results for the 
reaction COP t C-QCO, using a gas pressure of 230 torr, are shown in 
Figure 3a. These results were obtained by measuring the gas production 
rate, and the turnover frequencies calculated assumin the active site 
concentration obtained from TPD experiments (1.5 x lo1$ cmm2). 
Measurement of the slope of this curve yields an activation energy for CO 
production of 67 5 3 kcal/mole. This is in good agreement with values of 
59 kcal/mole obtained in a flow reaction (4). 

Figure 3b shows a similar plot for the reverse reaction (2CO+C02 + C). 
An activation energy may be extracted from the linear region and yields a 
value of 24 2 2 kcal/mole. The difference between these activation 
energies, i.e. the enthalpy for reaction is -43 5 kcal/mole, which is in 
good agreement with the literature value of -41.2 kcal/mole (5). 

No other desorption species were detected. 

(Platinum, the support material, has a 

Oriented graphite was used for X-ray photoelectron experiments since 
polycrystalline samples exhibited a broad feature on the high binding '\ 

I energy side of the Cls peak due to excitation of a plasmon (6). This peak 
\ is sufficiently intense to effectively obscure any adsorbate induced 
\ features. However, the plasmon satellite is strongly attenuated with the 

<\ 

X-ray beam impinges at grazing incidence onto an edge plane which allows 
chemically shifted species to be observed. This sample orientation is 
also likely to lead to increase in number of adsorbate sites. 

Figure 4a shows a MgKa Cls x-ray photoelectron spectrum from the edge 
plane of an oriented graphite sample after exposure ton, 108L Co2 and 
flashing to 450K to remove "physisorbed" species. The solid line depicts 
the spectrum of clean graphite taken under identical conditions. The 

induced peaks occur at 281.7 eV and 280.6 eV constituting chemical shifts 
of 3.3 5 0.2 and 4.4 2 0.1 eV) remains. This peak may be removed by 
heating to 1.1400K corresponding to the desorption of CO. 

1 

\ graphite Cls peak has a binding energy of 285.0 eV. and the adsorbate 
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4. Discussion 
1 

The use of single crystal graphite aligned so that the x-ray source 
impinges onto the edge plane atoms allows adsorbate induced Cls features 
to be observed. It is well established (7) that these shifts may be due 
to carbon species that can be categorized as follows: ether and hydroxyl 
groups d . 6  eV. carbonyl groups %3 eV and carboxyl groups, nA.2 eV. The 
trend in 01s binding energies is less clear cut. On this basis, the peaks 
that arise after COP exposure may be identified as being due to carboxyl 

the carboxyl species disappears on heating to above 850K. 
desorbed at this temperature in TPD so that carboxyl species thermally 
decomposes to yield Cog. The II+TI* shake-up satellite also disappears. 
Such behavior has been observed by Schlogel after similar treatments of 
graphite samples (6). Further heating to 1400K evolves CO in TPD and the 
remaining adsorbate induced peak due to a carbonyl species disappears. 
High pressure reactions on a polycrystalline graphite sample result in the 
formation of COP from CO in the temperature range 800-900K and CO from 
COP in the range 1000-1100K. 
which C02(740K) and CO(1230K) are evolved, so that the rate limiting 
step for COP formation may be the decomposition of carboxyl species. 
Similarly, the reaction to form CO may take place via carbonyl 
decomposition. 

I 

(280.6 eV) and carbonyl (281.7 eV) species. The XPS data indicates that I 
CO2 is 

These temperatures correspond to those at 

Further work is required to identify the exact nature of the surface 
carbonyl and carboxyl species so that their interconversion mechanism may 
be elucidated in greater detail. 

5. Conclusion 

The interaction of clean graphite surfaces with CO and CO2 is amenable 
to investigation using conventional surface science techniques such as 
AES, TPD and XPS. 
species may be identified and appear to arise from exposure to either CO 
or Cog. CO2 production at similar temperatures in both high pressure 
reactions and in TPD suggests that carboxyl decomposition may be the rate 
limiting step to COz formation. 
appears to be rate limiting for the formation of CO. 

Preliminary studies indicate that carboxyl and carbonyl 

Analogously, carbonyl decomposition 
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Schematic diagram of apparatus w i t h  high pressure cell closed; 
d e t a i l  w i t h  high pressure c e l l  open. 
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KINETICS AND MECHANISM OF CATALYTIC GASIFICATION OF COAL 

H. Juntgen and K.H. van Heek 

Bergbau-Forschung, 4300 Essen 13, West Germany 

1. Introduction 

In the recent years experiments for the gasification of German 
hard coal have been carried out using several alkaline compounds, 
especially K2COJ, as catalysts. The work has been performed 
within the framework of the project "Prototype Plant Nuclear 
Process Heat" aiming at the use of heat from high temperature 
nuclear reactors (HTR) for the performance of the gasification. 
In this case the use of catalysts has special interest as the 
outlet temperature of the HTR is limited to about 950" /1 ,2 / .  
Therefore, gasification temperature should be as low as possible 
(e.g. 750°C) to keep the temperature difference between the 
heat exchanger flown through by hot helium from the HTR and 
the reacting coal as high as possible. Special interest has 
been directed to kinetics and mechanism in order to get a basis 
for modelling of gasification reactors. In the following firstly 
experiments will be described which have been performed in labo- 
ratory scale. Then the effects of the catalysts in a big fluidized 
bed will be shown. 

2. Order of Reaction with Respect to C and Related Reaction 
Models 

Carbon conversion during gasification of coal is particularly 
dependent on the C-concentration in the solid, on temperature, 
on total pressure and on the partial pressures of the gasifying 
agent and the products. Thus, it is generally described by com- 
plex equations for the reaction rates assuming a Langmuir-Hinshel- 
wood mechanism. For steam gasification at low partial pressures 
of the products H2 and CO and at constant partial pressure of 
the steam reaction rates r can be described much more simple 
as it is only a function of the C-concentration of the solid 
and the temperature as follows: 

r = k exp ( -  E/RT) cn 1) 
0 

with n: order of the reaction with respect to C 
ko: frequency factor 
E: activation energy 
C: C-concentration. 

For the uncatalyzed reaction values of n have been found bet- 
ween 2 / 3  and 1. Then r can be expressed as 
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r = -  dX 1 for n = 2/3 or 
dt (1 - x)2/3 

with X = carbon conversion. 

For coal gasification catalyzed with alkaline compounds Mims 
and Pabst /3/ have reported that n can be 0 at low degree of 
carbon conversion and will change to n = 1 and beyond at higher . 
degrees of conversion corresponding to 

rl = for n = 0 .  4 )  

The existence of different values for n can be explained as 
follows: If all C-atoms are equally accessible and active during 
the course of the gasification reactions between C and H20 then 
the assumption of n = 1 makes sense. However,in a more detailed 
consideration it has to be taken into account that the different 
C-atoms may show different activities to gasification and that 
the reaction will occur at the internal surface of the porous 
solid. Both effects are complex and not predictable by a simple 
theory. The reaction order of n = 2/3 can be deduced on the 
basis of a geometric pore model if the effects of crystalline 
structure of the C-matrix are neglected. For catalyzed gasifi- 
cation it can be assumed that the C-atoms in the neighborhood 
of catalytically active particles show a much higher reaction 
activity. Consequently, they are preferably consumed. The reaction 
order will then be a function of the accessibility of these 
"catalyzed C-atoms" during the course of conversion. Provided 
that the catalyst atoms are mobile, the concentration of the 
C-atoms has no influence, and the reaction order will be 0. 

< 

3. Experimental Results Concerning the Reaction Order and the 
Influence of the Catalyst Concentration 

First of all the reaction order for the uncatalyzed gasification 
of a char shall be discussed. Fig. 1 shows as an example the 
measured reaction rates r and r" plotted against the degree 
of gasification assuming 3 reaction order of 2/3 or 1, respec- 
tively / 4 / .  The reaction rate r remains constant for a degree 
of conversion ranging between 28 and 70  '% and decreases rapidly 
beyond 70 %. That means that the assumption of n = 2/3 gives 
the best fit for the experimental values for this char. In other 
experiments, however, reaction orders closer to 1 than 2/3 have 
been determined. 

A reaction order of 2/3 has been found for the catalytic gasi- 
fication, too, adding 0.56 to 5.1 % K to a low ash char made 
from the coal Westerholt, as can be seen by fiq. 2 /5/ .  The 
mode of char preparation is also given in / 5 / .  It can be stated 
that r remains constant in a wider range of C-conversion (burn- 
off) a2 compared with the uncatalyzed case (fig. 1). It follows 
that the K-atoms are excellently distributed in the char and 
that the C-atoms in the neighborhood of the catalysts are equally 
well accessible by the steam during the course of burn-off. 
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As these experiments are carried out at 7 0 0 ° C  a free mobility 
of the,catalyst cannot be expected as will be shown later on. 
A detailed analysis of the results leads to the following equation 
for the description of the rate of the catalyzed reaction rs 
dependent on x and the K-concentration cK: 

5 )  

cs 
K 
Na 
Li 

1 
min kl = 0,00276 ___ 

5 5  6 9 0  
1 9  760 
11 8 9 2  
3 1330 

k2 = 0 , 0 0 9 5 3  1 
mine wt%K 

As it is shown in fiq. 3 the rate rs increases linear with the 
K-concentration cK in the sample. 

Different results have been found at gasification temperatures 
of 8 8 O o C  and a pressure of 1 bar with coal "Lohberg" (35.7 % v.m. 
m.a.f., 5 . 3  % ash m.f.) /6,7/ using different alcaline compounds. 
In fig. 4 reaction rates r' are plotted depending on the degree 
of conversion assuming a reaction order n = 0. This assumption 
is confirmed by the horizontal slope of the curve for carbon 
conversions up to 9 0  %. This deviation from the findings given 
in fig. 2 may be explained by the assumption that the catalyst 
is free mobile at this higher temperature as will be discussed 
later. 
Fig. 5 demonstrates the different effects of equal alkali con- 
centrations (in mole/g coal) for the different alkali group 
elements. For each alkali metal there is a concentration range 
in which the zero-order reaction rate r' increases nearly propor- 
tionally to the catalyst concentration. The slope of this straight 
line is increasing with increasing atomic number of the alcaline 
metals. It is remarkable that the boiling point of the metals 
decreases in the same order (table 1). As will be discussed 
later, our experiments have shown that the alcaline carbonates 
are reduced to the metals by the carbon while heated up to reac- 
tion temperature. The metals are bound to the C-atoms by a mech- 
anism which is not yet clear. Obviously, the effectiveness of 
these metals is strongly related to their mobility on the surface 
and the latter surely depends on the boiling point relative 
to the reaction temperature. As shown in table 1 the boiling 

-- Table 1: Boiling Point of Alkaline Metals 

Letal Atomic Number Boiling Point O C  -[ 
___ _____^___ _. - 

temperatures of Cs and K are lower than the reaction tempera- 
ture of 8 8 O o C  (fig. 5 ) .  In this case a high mobility of both 
metals results in a high catalytic effectiveness. The boiling 
temperature of Na is beyond, that of Li is far beyond 8 8 O o C  
with the effect that the catalytic activity is decreasing in 
this order. Furthermore, our experiments have shown that Li 
probably is present as oxide instead of metal. 
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4. Desactivation of the Alkali by Mineral Matter 

It can already be seen from fig. 5 that low concentrations of 
catalyst lead to no increase of the reaction rate. As has been 
confirmed by detailed studies this observation can be explained 
by reactions of alkali with clay minerals in the coal which 
lower the catalytic activity. Relevant results are shown in 
fig. 6 whereby different concentrations of K2C03 have been added 
to chars of ash content between 6 and 30 % .  

For the %.E : ash char the catalytic effects are observed after 
3 % K2C03  have been added. The rates then increase proportional 
to the concentration. For the 1 8 . 8  8 ash char catalytic gasifi- 
cation starts distinctly with a minimum of 7 . 5  % K2C03 addition 
and in the case of the 1 3  8 ash char approximately 1 2 . 5  8 K CO 2 3  seem to be necessary. From the shape of the curve depending 
on burn-off it can be derived that n = 2 / 3  is valid to some 
extent for the char with a relatively low ash content. For the 
chars containing a higher amount of mineral matter the reaction 
rates decrease systematically with burn-off whereby different 
slopes have been measured in the different ranges of burn-off. 
It can be concluded that rapid and slow reactions of desactivation 
take place, as the alkali reacts with different components of 
the mineral matter. Active in consuming alkali have been proven 
to be the clay minerals kaolinite and illite and kaliophilite 
is found as a product of the reaction of both clay minerals 
with potassium carbonate /8 / .  

2 

5 .  Activation Energy and Frequency Factor 
Investigating the kinetics of catalytic gasification, special 
attention has to be paid to the temperature region in which 
chemical reaction is rate determining. In this region catalysts 
are expected to have maximum effect. However, in consequence 
of the reaction rate increase the transition temperature between 
the chemical viz. diffusion controlled regions should change 
to lower values. This effect has been verified experimentally. 
In the Arrhenius-type diagram (fig. 7 )  the transition temperature 
can be located at 7OO0C, whereas for the uncatalyzed gasifi- 
cation no transition is to be observed up to 8 5 0 ° C .  

The investigations described below are therefore restricted 
to the domain of chemical reaction controlled gasification rate. 
As shown in fig. 8 increasing amounts of potassium shift the 
lines in the Arrhenius diagram without changing the slope / 6 , 7 / ,  
1.e. the activation energy is nearly unaffected by the cata- 
lyst while the frequency factor increases proportional to the 
amount of potassium added. In the case of Na-catalyzed gasific- 
ation, results were similar besides the fact that the uncatalyzed 
reaction exhibits an activation energy slightly different from 
those found in the experiments with distinct Na-concentrations. 

6 .  Chemical State of the Alkali Catalysts and Mechanism 
Thermogravimetric analyses were performed to examine the de- 
composition reaction of K C 0 3  on the surface of char and the 
evaporation of elemental potassium from a char-potassium-mix- 
ture / 6 , 7 / .  It can be concluded that the first reaction step 
is the reduction to elemental potassium by the carbon: 

K2C03 + C -2K + CO + C 0 2  

2 

6 )  

198 



The potassium has been found to undergo a relatively strong 
bonding to the carbon. This is indicated by an extremely small 
evaporation rate of potassium metal in the presence of carbon. 
Thus the conclusion seems to be justified that the second step 
consists in the formation of a potassium-carbon-complex KC,: 

K + nC + (KC,) 7 )  

The value of n is approximately 5.5 which results from our evapor- 
ation experiments. The exact status of the bonding between alka- 
line metal and the carbon is not yet understood, however, we 
assume that there is a bonding by an electron transfer from 
the K-metal to the C-atom. Other authors stress the possibility 
of a bonding between carbon-oxygen complexes and the K-metal / 9 / .  

The next reaction steps are speculative. The assumption seems 
reasonable that in a third step K-C-complexes are converted 
to surface oxides and hydrogen by the steam: 

(KC,) + H 2 0  (KCn)O + H2 8) 

The fourth step should be the desorption of the surface oxide 
as CO thereby restoring the metallic state of the potassium: 

(KC,) + K + (n-1) C + CO 9 )  

Migration of potassium may form a K-C-complex again because 
potassium is mobile - at least at temperatures of 800 to 88OoC 
thus repeating step 2 (equation 7 )  and completing the reaction 
cycle. In parallel to the gasification the desactivating reactions 
with coal minerals mentioned above occur. In addition potassium 
may be desactivated by re-establishing the potassium oxide or 
carbonate by reactions with steam or product gases. At high 
degrees of C-conversion the oxides or salts may form larger 
crystallites because of the high K-concentrations. Potassium 
then looses contact to the carbon atoms and reduction into the 
metal is no longer possible. This results in a severe desactiv- 
ation. As to be seen in fig. 2, 4, and 6 such a desactivation 
occurs at C-conversions beyond 80 or 90 8. 

7 .  Experiments on Larger Scale 

On the basis of results of exploratory research in the labora- 
tory a number of runs have been perform d in a semi-technical 
plant with a fluidized bed of about 4 m' volume heated by an 
immersed helium-flow heat exchanger / l o / .  K CO and other active 
substances have been fed along with the coaf in a dry mixture 
into the gasifier. Fiq. 9 summarizes the reaction rates for 
an anthracite, a high volatile bituminous coal without catalyst 
and doped with different amounts of K2COJ. For high volatile 
bituminous coal an increase of the reaction rate compared to 
anthracite by a factor of 2 . 5  can be stated. A doping with 2 or 
3 % K2C03 to the latter has a relatively modest effect. This 
can be explained by side reactions of K2C03 with mineral com- 
pounds in the coal ash with the consequence of loss of cata- 
lytic activity. However, if 4 % K2C03 are added a steep increase 

3 
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of reaction rate by a factor of about 20 can be achieved. As 
has been predicted theoretically, the mean fluidized bed tempe- 
rature decreases to 74OoC. A steam decomposition of 30 % at 
a coal feed rate of 400 kg/h and an average carbon conversion 
of 37 % (in the fully back-mixed system) have been measured. 

7.  Discussion 

Steam gasification catalyzed by potassium has been found to 
follow a varying reaction order with respect to carbon depending 
on the kind of char, ash content, and temperature. For the gasi- 
fication s f  low-ash char, deviations of zero-order is ascribed 
to a restricted mobility of the catalyst, as it is found to 
occur especially at low temperatures, whereas mineral matter 
change the amount of active catalyst during gasification and 
thus produces apparent reaction orders that can even exceed 
n = 1. Chemical state of the catalyst on char under inert con- 
ditions has been found to be rather metallic than oxidic, but 
a bonding to carbon has been proven. Concerning reaction mech- 
anism, the principle of catalytic action seems to be not a reac- 
tion path with a lower activation energy than for uncatalyzed 
reaction but an increase in the number of active sites. In this 
aspect, the mechanism of alkali catalysis is like that of earth 
alkali catalysis for which Otto et a1 /11/ reported a constant 
activation energy and an increased frequency factor. 
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Fig. 1: Comparison of 1st-order and 2/3rd-order-reaction 
rate of a steam gasification run 
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Fig. 2: Reaction rate based on order 2/3 for catalytic 
gasification of a low-ash char 
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FTIR STUDIES OF THE EFFECT OF ALKALI METAL SALTS AND 
THE USE OF ALKALI METAL CHLORIDES I N  THE 

CATALYTIC GASIFICATION O F  COAL CHARS 

Shang Jung Yuh and Eduardo E.  Wolf* 

Department of  Chemical Engineering 
Un ive r s i ty  of Notre Dame 

Notre D a m e ,  Indiana 46556 

INTRODUCTION 

C a t a l y t i c  g a s i f i c a t i o n  o f  c o a l  provides  a d i r e c t  rou te  f o r  
producing s y n t h e t i c  n a t u r a l  gas  (SNG). It has  long been known 
t h a t  c e r t a i n  a l k a l i  meta l  s a l t s  can c a t a l y z e  t h e  steam g a s i f i c a -  
t i o n  of carbonaceous ma te r i a l s (1 -2 ) .  As a r e s u l t ,  lower g a s i f i -  
c a t i o n  tempera tures  can be  employed c r e a t i n g  a thermodynamically 
favorable  condi t ion  f o r  methane product ion.  Severa l  i n t e r p r e t a -  
t i o n s  have been proposed t o  expla in  t h e  c a t a l y t i c  mechanism of  
c o a l  g a s i f i c a t i o n  by a l k a l i  metal  s a l t s .  Various redox cyc les  
involving a l k a l i  metal(3-5) ,  a l k a l i  oxide(6-8),  and a l k a l i  metal-  
carbon i n t e r c a l a t e s ( 9 - 1 0 )  as  t h e  r e a c t i o n  i n t e r m e d i a t e s ,  have 
been suggested.  A l t e r n a t i v e l y ,  M i m s  and Pabst have proposed t h a t  
s u r f a c e  complexes  such  a s  -C-0-K, -C-K a re  p o s s i b l e  s i t e s  o f  
c a t a l y t i c  a c t i v i t y  dur ing  coa l  gas i f i ca t ion ( l1 -13) .  Our previous 
in f r a red  s t u d i e s  of p a r t i a l l y  g a s i f i e d  c o a l s  o r i g i n a l l y  t r e a t e d  
w i t h  a l k a l i  s a l t s  showed t h e  p r e s e n c e  o f  a common i n f r a r e d  
spectrum f o r  a l l  s a l t s  except  f o r  t h e  i n a c t i v e  ch lor ides( l4-15) .  

In  t h e  Exxon c a t a l y t i c  coa l  g a s i f i c a t i o n  (CCG) process ,  only 
about  t w o - t h i r d  of t h e  o r i g i n a l  K2CO3(or KOH) c a t a l y s t  can  be  
recovered by water  l each ing  from t h e  ashes due t o  t h e  formation 
of  i n so lub le  a l u m i n o s i l i c a t e s ( l 1 ) .  Procedures t o  a c t i v a t e  t h e  
l e s s  e x p e n s i v e  a l k a l i  s a l t s  have  been  i n v e s t i g a t e d .  Wood e t  
a1.(16) repor ted  t h a t  a t  modest temperatures ,  a steam p r e t r e a t -  
m e n t  o f  KC1-impregnated carbon may a c t i v a t e  t h i s  o therwise  inac- 
t i v e  bu t  inexpensive s a l t .  Lang and Pabs t ( l7 )  showed t h a t  high 
g a s i f i c a t i o n  r a t e s  can  b e  a t t a i n e d  by employing  m i x t u r e s  o f  
s t rong  ac id  s a l t s  of potassium and, any weak ac id  s a l t s  o r  cer -  
t a i n  s t rong  ac id  s a l t s  o f  sodium a s  t h e  c a t a l y s t .  Chauhan e t  
a1 . (18 )  found t h a t  c o a l  t r e a t e d  w i t h  CaO u s i n g  NaOH a t  an e l e -  
vated temperature  i s  much more r e a c t i v e  than t h a t  impregnated 
with aqueous CaO s l u r r y .  Lang and Neavel( l9)  a l s o  concluded t h a t  
c a l c i u m  m u s t  b e  a t o m i c a l l y  d i s p e r s e d  th roughou t  t h e  c o a l  t o  
ob ta in  good a c t i v i t y .  

T h i s  pape r  d e s c r i b e s  k i n e t i c  and i n f r a r e d  s t u d i e s  o f  t h e  
s team g a s i f i c a t i o n  o f  c o a l  c a t a l y z e d  by a l k a l i  m e t a l  s a l t s .  
These s t u d i e s  have subsequent ly  l ed  u s  t o  t h e  formulat ion of a 
procedure by which a l k a l i  meta l  ch lo r ides  a r e  used a s  t h e  source 
of a l k a l i  meta ls  f o r  c a t a l y t i c  coa l  g a s i f i c a t i o n .  

* To whom correspondence should be addressed.  
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EXPERIMENTAL 

Kinet ic  experiments  w e r e  performed i n  a q u a r t z  flow r e a c t o r  
equipped with a Cahn RG 2000 e l ec t roba lance  which can continuous- 
l y  monitor t h e  weight l o s s  of  t h e  sample a s  it r e a c t s  w i th  f lo-  
wing Steam. During the course  of t h e  g a s i f i c a t i o n ,  e f f l u e n t  gas  
w a s  Pe r iod ica l ly  analyzed by a gas  chromatograph. The i n f r a r e d  
s p e c t r a  were r e c o r d e d  on a D i g i l a b  FTS-15C f o u r i e r  t r a n s f o r m  
i n f r a r e d  spectrometer  (FTIR) using coa l  samples pressed wi th  KBr 
a t  a r a t i o  of 1:400. A spectrum was obta ined  by co-adding f i f t y  
scans a t  a r e s o l u t i o n  of  4 cm-' wavenumber us ing  a pure K B r  d i s c  
a s  t h e  reference.  In  a l l  experiments,  reagent  grade chemicals  
and h i g h  p u r i t y  g a s e s  were  used a s  r e c e i v e d .  F u r t h e r  d e t a i l s  
about t h e  experimental  apparatus ,  ope ra t ing  procedures ,  and sam- 
p l e  prepara t ion  have been descr ibed  e l sewhere ( l4 ) .  

RESULTS AND DISCUSSION 

Figure 1 summarizes t h e  g a s i f i c a t i o n  r a t e s  a t  20% conversion 
and 750OC v e r s u s  m e t a l / c a r b o n  r a t i o .  The d a t a  were  o b t a i n e d  
using an I l l i n o i s  #6 coa l  t r e a t e d  wi th  var ious  sodium s a l t s  and 
d i f f e r e n t  c a t a l y s t  loadings.  A l l  sodium s a l t s  s tud ied ,  except 
NaC1, e x h i b i t  good c a t a l y t i c  a c t i v i t y  f o r  steam g a s i f i c a t i o n  o f  
c o a l .  The g a s i f i c a t i o n  r a t e  f o l l o w s  a l i n e a r  r e l a t i o n  w i t h  
sodium/carbon r a t i o  u n t i l  a s a t u r a t i o n  p o i n t  a t  about Na/C=0.12 
i s  reached. This t r end  i s  s i m i l a r  t o  t h e  observa t ion  repor ted  by 
M i m s  and Pabs t ( l1 )  f o r  K2CO3 wi th  var ious  carbon subs t r a t e s .  The 
dependence of t h e  g a s i f i c a t i o n  r a t e  on t h e  c a t a l y s t  contac t ing  
method, namely i n c i p i e n t  wetness,  aqueous impregnat ion,  and mec- 
h a n i c a l  mixing i s  n o t  s i g n i f i c a n t .  F i g u r e  1 shows t h a t  t h e  
g a s i f i c a t i o n  r a t e  v a r i e s  a t  most  10% among t h r e e  c o n t a c t i n g  
methods. Furthermore, based on t h e  same metal /carbon r a t i o  pota- 
s s i u m  s a l t s  a r e  more e f f e c t i v e  than sodium s a l t s .  However, un- 
t r e a t e d  NaCl and KC1 a r e  i n a c t i v e  a s  c a t a l y s t s  f o r  steam g a s i f i -  
c a t i o n  of  coal .  

The in f r a red  spectrum of Na2CO impreg a t ed  coa l  i s  shown i n  
Figure 2A. The absorp t ion  band a t  cm-' has  been assigned t o  
t h e  chelated conjugated carbonyl s t r u c t u r e  and carboxyla tes  con- 
t a ined  i n  coa l (20)  whereas t h e  1450 and 880 cm-' bands a r e  due t o  
sodium carbonate(21) .  Upon d e v o l a t i l i z a t i o n ,  t h e  1610 cm-l band 
disappeared while  t h e  carbonate  bands w e r e  s t i l l  p re sen t  bu t  l e s s  
i n t ense  a s  shown i n  Figure 2B. Since about 44% of t h e  Na i n i t i a -  
l l y  loaded was l o s t  a f t e r  d e v o l a t i l i z a t i o n  along wi th  34% r e l e a s e  
of v o l a t i l e  ma t t e r ,  t h e  Na/C r a t i o  of t h e  d e v o l a t i l i z e d  sample 
should have remained t h e  same a s  t h a t  o f  t h e  impregnated sample. 
Thus, t h e  decrease i n  i n f r a r e d  absorbance of  t h e  carbonate  bands 
i n  t h e  devo la t l i zed  sample i n d i c a t e s  t h a t  t h e  missing f r a c t i o n  
had reacted wi th  t h e  carbon subs t r a t e .  Moreover, upon p a r t i a l  
g a s i f i c a t i o n  t o  25% conversion, t h e  i n t e n s i t y  of  t h e  carbonate  
bands decreased even f u r t h e r  a s  shown i n  Figure 2C, even though 
t h e  Na/C r a t i o  increased  due t o  t h e  carbon consumption. Further-  
more,  t h e  i n f r a r e d  spec t rum of  an  a l m o s t  c o m p l e t e l y  g a s i f i e d  
sample(94% conversion, Figure 2D)  shows an inc rease  of  i n t e n s i t y  
of  t h e  carbonate  bands a s  we l l  a s  t h e  appearance of  add i t iona l  
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Figure 1 
on t h e  g a s i f i c a t i o n  r a t e .  0, NaOH; A ,  Na CO 
( i n c i p i e n t  wetness); +, NaHC03 (aqueous i(; lpr&nation); rn , NaHC03 
(mechanical m ix ing ) ;  0 , K2C03; 0 , w i t h o u t  c a t a l y s t .  

E f f e c t s  o f  l oad ing ,  anion, and con tac t i ng  method o f  c a t a l y s t  
'I, NaN03;o, NaHC03 

WAVE NUMBERS, CM-' 
Figure 2 F T I R  spec t ra  o f  Na C03 coal  samples. A ,  impregnated; 
6,  d e v o l a t i l  i zed ;  C, p a r t i a l ? y  g a s i f i e d  (25% convers ion) ;  D ,  gas i f i ed  
(94% convers ion) .  
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bands i n  t h e  1200-800 cm-l reg ion  which corresponds t o  minera l  
mat ters .  Atomic absorp t ion  measurements of t h e  sodium contained 
i n  t h i s  sample gave a s i m i l a r  percentage  of  Na lo s ses (43%)  a s  i n  
t h e  d e v o l a t i l i z e d  sample demonstrat ing t h a t  t h e  i n t e r a c t i o n  o f  
sodium wi th  t h e  carbon s u b s t r a t e  occurs  a t  t h e  i n i t i a l  s t a g e s  o f  
g a s i f i c a t i o n  b u t  it d i s a p p e a r s  a t  t h e  end w i t h  t h e  r e l e a s e  o f  
sodium due t o  t h e  d e p l e t i o n  of carbon. I t  i s  a l s o  i n t e r e s t i n g  t o  

, n o t e  t h a t  a l l  d e v o l a t i l i z e d  and p a r t i a l l y  g a s i f i e d  s a m p l e s  
t r e a t e d  wi th  c a t a l y t i c a l l y  a c t i v e  sodium s a l t s  e x h i b i t  a common 
in f r a red  spectrum r e g a r d l e s s  of  t h e  anion o f  t h e  parent  s a l t ( l 5 ) .  

I n  addi t ion ,  t h e  i n t e r a c t i o n  of  sodium and carbon s u b s t r a t e  
, h a s  a l s o  been documented by o u r  and o t h e r ' s  t h e r m o g r a v i m e t r i c  

resu l t s (4 ,11 ,15) .  W e  found t h a t  t h e  weight l o s s  of  NazCO3-char 
i n  helium s t a r t s  a t  t empera ture  much lower than  t h e  mel t ing  p o i n t  
Of  Na2C03(8510C), w i t h  CO and C 0 2  being t h e  gas  products .  I n  t h e  
case  of char  impregnated wi th  NaC1, t h e  tempera ture  a t  which t h e  
weight l o s s  begins  i s  s i m i l a r  t o  t h a t  of  N a C 1 ,  wi thout  any de tec-  
t a b l e  gas  product.  The i n f r a r e d  and thermogravimetr ic  r e s u l t s  
c l e a r l y  demonstrate t h e  importance o f  t h e  d i r e c t  i n t e r a c t i o n  of  
coa l  wi th  t h e  a l k a l i  meta l  i n  c a t a l y t i c  a c t i v i t y .  Thus, t h e  l ack  
of  c a t a l y t i c  a c t i v i t y  o f  a l k a l i  metal  ch lo r ides  r e s u l t s  from t h e  

t h e  i n t e r a c t i o n  of  t h e  carbon s u b s t r a t e  w i th  t h e  a l k a l i  metal .  
Further  proof of  t h i s  po in t  i s  i l l u s t r a t e d  i n  Figure 3 i n  which 
H C 1  was added t o  t h r e e  Na2C03-treated chars .  I t  can be seen t h a t  
a s  t h e  amount o f  c h l o r i n e  i n c r e a s e s ,  t h e  c a t a l y t i c  a c t i v i t y  
decreases  accordingly.  Moreover, i n f r a r e d  s p e c t r a  of  t h e  HC1- 
t r e a t e d  samples show a corresponding decrease  i n  t h e  i n t e n s i t y  of 
t h e  carbonate  absorbance ind ica t ing  t h a t  the r e a c t i o n  of sodium 
t o  form ch lo r ide  which is  i n f r a r e d  inac t ive ,  was favored over t h e  
i n t e r a c t i o n  o f  sodium wi th  t h e  carbon s u b s t r a t e .  

A c o r o l l a r y  of t h e  above r e s u l t s  i s  t h a t  Na has  t o  be f reed  
from t h e  ch lo r ine  ion i n  o rde r  t o  use NaCl as t h e  source o f  Na t o  
ca t a lyze  coa l  g a s i f i c a t i o n .  On t h i s  b a s i s ,  w e  have developed a 
process  which u l t i l i z e s  a l k a l i  ch lo r ides  a s  t h e  source of  a l k a l i  
metals  f o r  c a t a l y t i c  coa l  g a s i f i c a t i o n .  The process  c o n s i s t s  of  
s lu r ry ing  t h e  coa l  w i th  an aqueous s o l u t i o n  of  t h e  ch lo r ides  and 
a s u i t a b l e  s o l v e n t ,  and s u b s e q u e n t  s a t u r a t i o n  w i t h  C 0 2 .  The 
s o l i d  i s  s e p a r a t e d ,  washed,  and d r i e d  and i s  t h e n  r eady  f o r  
g a s i f i c a t i o n .  A l l  ope ra t ions  except  dry ing  are c a r r i e d  o u t  a t  
room temperature.  The c h l o r i n e  ions  could be removed i n  t h e  form 
o f  CaC12 and t h e  s o l v e n t  c a n  b e  r e g e n e r a t e d  and r eused .  The 
advantage o f  t h i s  procedure i s  t h a t  t h e  consumption of C 0 2  re-  
q u i r e d  can  be  s u p p l i e d  by t h e  g a s i f i c a t i o n  i t s e l f  and a l k a l i  
ch lo r ides  a r e  l e s s  expensive than o t h e r  a l k a l i  s a l t s .  

Figure 4 shows t h e  g a s i f i c a t i o n  r a t e s  ( a t  20% conversion and 
750 OC) of c o a l s  t r e a t e d  wi th  d i f f e r e n t  amounts o f  NaCl and K C 1  
according t o  t h e  above mentioned procedure,  versus  metal /carbon 
r a t i o .  The sodium and potassium loadings were determined by an 
atomic absorp t ion  spectrophotometer(Perkin-Elmer, Model 305). A s  
expected t h e  KC1-treated c o a l s  show h ighe r  a c t i v i t y  than  NaC1- 
t r e a t e d  coa ls .  Also included i n  Figure 4 a r e  p o i n t s  obtained wi th  
Na2cOg-impregnated and K2C03-impregnated c o a l s  showing t h a t  t h e  
a c t i v i t i e s  of these  samples a r e  equ iva len t  t o  those  obtained wi th  
ch lo r ide - t r ea t ed  samples. 

I 

1 high s t a b i l i t y  of t h e  a l k a l i  meta l -ch lor ine  bond which prevents  

' 
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Figure 3 Effect of chlor ine addition t o  Na2C03 coal samples. 
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Figure 4 Gasification r a t e s  of KC1 t reated coals ( A ) ,  NaCl 
treated Coals (0) , K2C03 impregnated coal ( A  ), Na2C03 impregnated 
coal ( 0  ) .  
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CONCLUSION 

Laboratory r e s u l t s  demonstrate  t h a t  a l k a l i  m e t a l  c h l o r i d e s  
can provide the  source  of a l k a l i  m e t a l s  r e q u i r e d  f o r  c a t a l y t i c  
steam g a s i f i c a t i o n  of coals v i a  a process  involv ing  c o n t a c t  of 
coal wi th  an aqueous s o l u t i o n  of a l k a l i  c h l o r i d e ,  a s u i t a b l e  a s  
w e l l  a s  regenerable  so lven t ,  and C02.  The c a t a l y t i c  a c t i v i t i e s  of 
the samples prepared  by t h i s  procedure are e q u i v a l e n t  to  those  
impregnated w i t h  other a l k a l i  salts .  

I 

' 
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